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ABSTRACT
REFRACTIVE INDEX ENGINEERING AND OPTICAL PROPERTIES ENHANCEMENT BY
POLYMER NANOCOMPOSITES
FEBRUARY 2016
CHENG LI, B.S., NANJING UNIVERSITY
M.A., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor James J. Watkins
The major part of this dissertation focuses on the engineering of the refractive
index of materials using solution-processable polymer nanocomposites and their
applications in building optical components and devices. Three particular polymer
nanocomposites have been introduced to achieve materials with tunable refractive
indices and enhanced optical properties, which can be used to manipulate the behavior
of light or electromagnetic radiation. In the first system, polyhedral oligomeric
silsesquioxane (POSS)/polymer nanocomposites are developed. Thin films with tunable,
low refractive indicies were fabricated from the composites. The mechanical strength of
these films was characterized, and their application in antireflective coatings is discussed.
In the second system, a titanium oxide (TiO2)/polymer nanocomposite is developed. For
these nanocomposites, a method for fabricating mesoporous TiO2 thin films with tunable
refractive indices at room temperature is introduced. The low temperature strategy
allows the deposition of mesoporous TiO2 based Bragg mirrors on polymeric substrates.
The potential application of the TiO2 Bragg mirror as a gas sensor is discussed. Finally, a
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zirconium oxide (ZrO2)/polymer nanocomposite with a tunable refractive index is
developed. The refractive index of the ZrO2 nanocomposites was tuned to match the
index of a rare-earth ion doped nanoparticle. Highly transparent composites containing
light emitting nanoparticles with minimum Rayleigh scattering can be achieved by
blending the two nanoparticle systems in controlled amounts from solution. This is the
first exhibition of the successful employment of hybrid polymer composites as a
“refractive index matching” matrix, facilitating fabrication of highly transparent
nanocomposites.
The second part of this dissertation introduces a light-responsive block copolymer
composite. Poly [poly(ethylene glycol) monomethyl ether monomethacrylate]-blockpoly(ethyl methacrylate) was prepared using reversible addition-fragmentation chain
transfer polymerization (RAFT). This block copolymer is an amorphous, phase mixed
system at room temperature. The incorporation of organic additives with multiple
carboxylic acid groups, such as mellitic acid, induces phase segregation in this system.
Furthermore, the use of additives in which the hydrogen bond donating group is
protected with an acid labile group in combination with a photo acid generator enables
photo-induced ordering of the composite films. Adjacent disordered/ordered patterns
can be obtained using this strategy due to the absence of PEO crystals.
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CHAPTER 1
INTRODUCTION
1.1 Dissertation Overview
Optical devices and components that can generate, control or measure visible
light and other frequencies of electromagnetic radiation have found and will continue to
find important applications in industry and academic research. With better understanding
and deeper development of the principles and theory of optics, more concepts of
advanced optical devices for extraordinary applications have been proposed. These
applications require novel materials with improved optical properties, such as high
transmittance, high emitting efficiency and extreme refractive index. However, the
available conventional materials become a bottleneck in the progress of designing these
advanced optical devices. In addition, materials compatible with simple, low-cost and
large-area fabrication are in demand for use in practical applications. This drives us to
develop novel materials with improved optical properties from existing materials and
technology. One of the most important physical quantities of the materials that directly
influence the device performance is the refractive index (n), since it determines how the
light interacts with the materials and devices. By optimizing the refractive index and
device structure, optical devices with excellent properties such as zero-reflectance and
invisibility have been predicted. However, the refractive index values of common
materials are limited to a relatively small range, which may not satisfy the demand of the
devices. The concept of refractive index engineering of materials was raised more than
100 years ago, and was described by the Clausius–Mossotti relation. Nowadays, the rapid
development of nanotechnology opens a new gate to achieving precise engineering of
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materials’ refractive indices and realizing novel applications. The area of polymer
nanocomposites is undoubtedly one of the most popular research areas within
nanotechnology development, which has provided opportunities for novel methods and
materials to control and engineer the optical properties of materials, including the
refractive index. This dissertation focuses on the fabrication of materials with tunable
refractive indices using solution-processable polymer nanocomposites, as well as their
potential applications as building blocks for optical devices. Solution-processable
methods attract great interest since they are considered to be low cost, low waste and
high efficiency manufacturing methods with the potential to replace the conventional
vacuum and deposition processing methods. Thus, to reduce cost and increase efficiency,
the development of solution-processable materials that provide competitive
performance, stability and durability has become an important issue.
Chapter 1 introduces the background of polymer nanocomposites, including their
synthesis methods and applications. Basic knowledge about the refractive index is also
introduced in this chapter, including the physical concept, refractive index values of
common materials, effective medium theory for refractive index of nanocomposites, and
measurement of refractive index using ellipsometry.
Chapter 2 discusses the fabrication of low refractive index thin films from solution
processable polyhedral oligomeric silsesquioxane (POSS)/polymer nanocomposites. Low
refractive index (low-n) materials (n<1.30) are highly desirable for building optical
components and devices, while the synthesis methods existing in literature have
drawbacks such as being hazardous to the environment, high cost or use of acid/base
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catalysts. Here, a solution-processing, catalyst free method to fabricate low refractive
index thin film materials using polymer nanocomposites is introduced, which shows
promise for replacing the conventional vacuum-based deposition and sol-gel methods.
Calcination temperatures and POSS loadings are optimized to demonstrate tunable, low
refractive index of the obtained material. It is demostrated that the rigid, 3D structure of
POSS molecules is one of the key factors that results in high porosity and low refractive
index. Nanoindentation is employed to characterize the mechanical properties of the
materials since robust hardness is an important property to be considered in low
refractive index materials applications. The application of these materials in antireflective
coatings is also discussed in this chapter.
Chapter 3 introduces a method to fabricate mesoporous titanium oxide (TiO2) thin
films with tunable refractive index using solution processable TiO2 nanoparticle/polymer
nanocomposites at low temperature. TiO2 is an important semiconductor material that
has found applications in solar cells, photocatalysts and optics due to its excellent
optoelectronic properties. Mesoporous TiO2 thin films have attracted much interest since
the refractive index tunability by porosity control has provided this conventional
semiconductor with improved properties and novel applications. However, most of the
fabrication methods for porous materials require high temperature calcination (>300℃)
or vacuum-based technique, which increases the fabrication cost and limits their
application on flexible polymer substrates. In this chapter, a UV-assisted method for the
fabrication of porous TiO2 thin films at room temperature is developed, which utilizes the
photocatalytic property of TiO2 to degrade the polymer templates in the polymer
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nanocomposites and generate porosity. The porosity and refractive index can be precisely
controlled by tuning the TiO2 nanoparticle loading in the composites. The optical and
mechanical properties of the thin films are characterized, and the fabrication of Bragg
reflectors using this technique is demonstrated. Due to the low temperature conditions,
the Bragg reflectors can be deposited on silicon as well as polyethylene terephthalate
(PET) substrates. The potential application of the TiO2 based Bragg reflector as a photonic
gas sensor is also demonstrated in this chapter.
Chapter 4 discusses the fabrication of transparent polymer nanocomposites
containing rare-earth ion doped nanoparticles. The development of rare-earth ion (such
as erbium Er3+, ytterbium Yb3+ and thulium Tm3+) doped nanoparticles has instigated
evolutions in the fields of luminescence, optical communications and biomedicine.
Nanocomposites can combine the nanoparticles and polymers, while maintaining
advantages of polymer systems such as ease of processing, low cost, light weight and
flexibility in the functional composites. However, aggregation of nanoparticles in the
composites usually results in strong scattering and low transparency, which limit the
applications of the nanocomposites. A refractive index matching method is presented
here to fabricate highly transparent polymer nanocomposites. Differing from the existing
literature, which usually employs polymers as the refractive index matching materials for
the nanoparticles, here a hybrid nanoparticle/polymer nanocomposite is used as the
refractive index matching material for the first time. Surface-modified zirconium dioxide
(ZrO2) nanoparticles are blended with a UV curable resin, and the refractive index of this
nanocomposite is tuned to match that of the rare-earth ion doped nanoparticles by
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controlling the nanoparticle loadings. The Rayleigh scattering is reduced significantly to
achieve highly transparent composite materials. The influence of the ZrO2 loading and
rare-earth doped nanoparticle loading on the optical properties of the composites is
investigated. The potential applications of these novel nanocomposite materials are also
discussed.
In Chapter 5, a novel photo-responsive block copolymer composite is introduced.
Photo-responsive polymers are “smart materials” that can respond to light stimulation
from the environment, resulting in a change in their properties. In this chapter, the
synthesis of a novel amorphous poly [poly (ethylene glycol) monomethyl ether
monomethacrylate]-block-poly(ethyl methacrylate) diblock copolymer is presented. The
diblock copolymer contains poly (ethylene oxide) with short chains, which inhibit the
formation of PEO crystals. The block copolymer is phase-mixed due to the low FloryHuggins parameter between the two blocks. A synthetized acid-sensitive additive in which
the hydrogen bond donating group is protected by an acid labile group along with a photo
acid generator (PAG) are blended into the block copolymers. Under UV radiation, the PAG
releases acids, which deprotects the multiple carboxylic acid groups. This deprotected
molecule interacts with the PEO domain selectively via strong hydrogen-bonding
interaction, and increases the phase segregation strength between the two blocks in the
block copolymers and induces phase separation. As a result, photo-induced phase
separation in the block copolymer composites can be achieved. Adjacent
disordered/ordered patterns are demonstrated in thin films using this strategy due to the
absence of PEO crystals.
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1.2 Polymer Nanocomposites
Nanotechnology has been one of the most popular research fields for more than
two decades. With the great input from academia and industry, large amounts of novel
nanomaterials with interesting properties and diverse applications have been developed.
It is found that nanomaterials (size below 100nm), such as nanoparticles, can exhibit
significantly different properties from their bulk form1, such as melting temperature,
thermal conductivity, refractive index, color, magnetism, and mechanical strength.2-7
With great achievements in chemistry, the categories of nanomaterials have become
more diverse and accessible, including metals (Au, Ag etc.),8,9 semiconductors (TiO2, SiO2,
CdSe etc.),10-12 and different forms of carbons13,14. The rapid development of the
synthesis methods and the understanding of the properties of these novel nanomaterials
stimulates the increase of interest in polymer nanocomposites. Polymeric materials have
many advantages such as low cost, light weight, good flexibility, and ease of processing.
By blending the nanomaterials into a polymer matrix, the resulting polymer
nanocomposites combine the advantages of polymers and the functionalities of the
nanomaterials, resulting in novel materials.13,15-17 Processing techniques such as extrusion,
solution-based coating techniques, lithography and printing can process the polymer
nanocomposites into different geometries easily such as films,18 fibers19 and
nanopatterns20-24 to satisfy different applications, and costly to manufacture similar
products from inorganic materials. Besides the traditional linear polymers, multiple
structures of the polymer matrix are available such as block copolymers25 and star-shaped
polymers26, each providing different morphologies and applications to the
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nanocomposites. Blending these two materials does not simply combine their properties,
but also develops novels applications in optics, electronics and biomaterials.16,27-31
Another important application of nanocomposites is the fabrication of porous materials.
By degrading the organic polymer templates, porosity with controlled size and
morphology can be generated. These porous materials have found various applications in
optoelectronics32,33, energy storage34, photonic crystals35,36 and drug delivery37,38.
Polymer Nanocomposites can be synthetized in several ways. Melt processing
utilizes techniques such as extrusion which mix thermoplastics and nano-additives
together homogenously by mechanical force. This method has been widely used in the
fabrication of clay/polymer nanocomposites.39 However, large aggregates usually exist in
the composites due to the strong bonding among the nanoparticles and the high
temperature generated during the processing. The solution casting method involves
dissolving polymers/monomers and nano-additives into proper solvents. After the
evaporation of solvents, nanocomposites can be fabricated. Dispersion techniques such
as sonication and mechanical mixing can be employed to improve the nanoparticle
dispersion in the solutions to achieve more homogeneous nanocomposites. The
nanoparticle surface usually requires modification with organic ligands to increase the
compatibility between the additives and the polymers to avoid aggregation and phase
separation during solvent evaporation.40,41 In-situ polymerization is another widely used
method to fabricate homogeneous nanocomposites. In this method, nanoparticles are
dissolved into monomers or monomer solutions. Polymer nanocomposites can be formed
by polymerizing the monomers using different polymerization techniques.42-44 Surface
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modification is also needed for the nanoparticles to achieve better particle dispersions
and high nanoparticle loading. In particular, this method is found to be efficient for
synthetizing bulk transparent nanocomposites.31 Similarly, in-situ particle generation
methods generate nanoparticles in the presence of polymer or monomer solutions.45-48

Figure 1.1.Preparation methods for nanocomposites using melt compounding (a), film
casting (b) and in situ polymerization (c). Image reproduced from reference 31.
1.3 Refractive Index
1.3.1 Concept and Properties
Refractive index is a fundamental physical quantity for materials. It describes how
light or electromagnetic waves propagate through an optical medium. It is defined as:
𝑣

𝑛=𝑐,
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where v is the phase velocity of light in the optical medium, c is the speed of light in
vacuum. If a material absorbs light, the refractive index equation can be modified using a
complex term:
N=n+ik,
where N is the complex refractive index, n is the real refractive index, k is the extinction
coefficient, which relates to the amount of light that is absorbed. Different optical
phenomena such as reflection, refraction, interference and total internal reflections can
happen when light travels through one medium to another due to the refractive index
difference. Refractive index is one the most important and frequently used quantities for
materials when studying and describing the behavior of light using mathematical
equations, for example, Fresnel equations and Snell’s law, which are the most basic
equations to predict the reflection and refraction behavior of light at an interface of two
optical mediums. With the refractive index of materials and optical laws, the behavior of
light interacting with more complicated structures and materials can be simulated, which
is the most important step for novel optical components and devices design. One
important property of the refractive index is that it has dispersion (Figure 1.2 and Figure
1.3). Cauchy’s equation is one of the empirical equations to describe the dispersion
relationship between the refractive index and the wavelength for non-absorbing
mediums:
n (λ)=B+C/λ2+D/λ4+∙∙∙,
where n is the refractive index, λ is the wavelength, B, C, D, etc. are fitting coefficients.
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Figure 1.2 Measured refractive index of BK7 glass and the refractive index fitted by
Cauchy’equation and Sellmeier’s equation show the dispersion of refractive index.

Figure 1.3 The splitting of white light into different colors due to the dispersion of
refractive index of materials.
1.3.2 Refractive Index Values of Materials
Table 1.1 shows the refractive index values of some common optical mediums
(measured at 589 nm wavelength). Vacuum has a refractive index of 1.00. Gas materials
have low refractive indices close to 1, which results from their low density of atoms
interacting with the electromagnetic waves. The refractive indices of dense transparent
materials range from 1.30 to 4.0. It is noted that natural materials with refractive index
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lower than 1.30 do not exit. Table 1.2 lists the refractive index values of common
polymers. The refractive indices of colorless, transparent polymer such as poly methyl
methacrylate (PMMA) and polyethylene terephthalate (PET) usually range from 1.30 to
1.60. Polymers with refractive indices higher than 1.70 have been developed, while most
of them have strong absorption in the visible light range.49 However, in principle, the
reactive index values are not limited to zero or positive numbers. Recently metamaterials
with negative refractive indices in the microwave range have been developed, which open
a new door to exotic optical phenomena and applications. By integrating materials with
optimized refractive indices into designed structures, optical components and devices
which manipulate the behavior of light precisely can be fabricated, including Bragg
reflectors, antireflective coatings and optical fibers. Figure 1.4 shows the basic structure
of a Bragg reflector.

Table 1.1. Refractive index values of some common materials at different wavelength.
Materials
Air
Water
Magnesium fluoride
Fused Silica
Titanium Dioxide, rutile
Titanium Dioxide, anatase
Zirconium Dioxide
Silicon

Wavelength
589nm
589nm
560nm
589nm
589nm
450nm
587nm
2457nm
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Refractive Index
1.00050
1.33350
1.37851
1.45850
2.61452
2.60153
2.15954
3.44355

Table 1.2. Refractive index values of common polymers at 589 nm wavelength,
reproduced form reference 56.
Polymeric Materials
Poly (N-Vinylcarbazole)
Poly ether ether ketone
Poly (p-xylylene)
Polystyrene
Poly (vinyl chloride)
Polyethylene terephthalate
Polyethylene
Poly (methyl methacrylate)
Poly (dimethyl siloxane)
Poly (tetrafluoroethylene)

Refractive Index
1.68
1.65
1.67
1.59
1.53
1.58
1.51
1.49
1.40
1.35

Figure 1.4. Schematic diagram of a Bragg reflector.
1.3.3 Refractive Index of Nanocomposites
Nanocomposites are materials consisting at least two constituents (porous
materials can be treated as a special category of nanocomposites, in which one of the
components is air). Usually the properties of the composite constituents differ from each
other, which result in inhomogeneity within the composite material at the microscopic
level and difficulty in studying the physical properties. To solve this problem, effective
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medium theory (EMT) is presented raise Effective medium theory considers a composite
containing well-dispersed additives or porosity a homogenous material. In effective
medium theory, effective physical quantities are used to describe the macroscopic
properties of the composites as a single component. Effective medium theory is an
important concept when studying nanocomposites. Many physical properties of
composites have been described using effective medium theory, including refractive
index. For nanocomposites and porous materials, when the additives or pores much
smaller than the wavelength of light are well-dispersed within the materials, the
nanocomposites or porous materials can be treated as homogenous materials with one
effective refractive index. Through the concept of effective medium theory, several
equations have been developed to calculate the refractive index of nanocomposites. One
of the most frequently used equations for binary component nanocomposites is derived
from the Lorentz-Lorenz relationship:
𝑛𝑐2 −1

𝑛2 −1

𝑛2 −1

= ɸ1 𝑛12 +2 + (1 − ɸ1 ) 𝑛22 +2,
𝑛2 +2
𝑐

1

2

where nc is the effective refractive index of the composite, n1 the refractive index of
component 1, n2 the refractive index of component 2, ɸ1 the volume fraction of
component 1. It should be concluded directly from the relationship, that the refractive
index of the composite should be a value between the refractive index value of
component 1 and the refractive index value of component 2. The exact value depends on
the volume fraction of each component. This simple conclusion from this equation
provides the basic guide in developing novel nanocomposites with specific refractive
index, for example, ultra-low refractive index materials and high refractive index
13

polymers. On the other hand, if the refractive indices of the nanocomposite and the
components in the composites are known, volume fraction (porosity for porous materials)
of the two components can be estimated.
1.3.4 Measurement of Refractive Index: Ellipsometry
Measurement of the refractive index of materials is very important for optical
components design and fabrication. Ellipsometry is a universal tool that can investigate
the dielectric function of thin film materials, which has been widely employed in academic
fields and industry. Refractive index can be calculated directly from the dielectric function
of materials, thus ellipsometry can also be used to measure the refractive index.
Ellipsometry is a non-destructive and contactless technique which utilizes polarized light
as probe. Polarized light can be decomposed into s and p components, in which the s
component is oscillates vertical to the plane of incidence (the plane of incident and
reflected light), and the p component oscillates parallel to the plane of incidence.
Reflection occurs when the polarized light arrives at the interfaces of materials. The state
of the reflected light (amplitude and phase) depends on the properties of the thin film
materials such as thickness, refractive index, absorption coefficient, and roughness.
Ellipsometry records the difference of both the s and p components of the light after
reflection from the investigated materials, represented by a complex reflectance ratio ρ:
𝜌=

𝑟𝑝
= tan(𝛹) 𝑒 𝑖∆ ,
𝑟𝑠

where rp and rs represent the state (amplitude and phase) of the p and s components after
reflection, which have been normalized by the initial value of incident light. Tan(𝛹) is
the amplitude ratio of the reflected light, and ∆ is the phase shift. The recorded data
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for tan(𝛹 ) and ∆ are very sensitive to the refractive index and structures of the
investigated materials, which makes ellipsometry a powerful and accurate tool to study
materials’ refractive index.

Figure 1.5. Measurement principle of ellipsometry, reproduced from reference 57.
As has been mentioned above, ellipsometry measures tan(𝛹 ) and ∆, which
usually cannot be directly converted into meaningful values such as refractive index and
thickness. Thus, data analysis is necessary in ellipsometry measurement. In data analysis,
a physical model needs to be built. Generally, an analysis model includes known
information about the investigated systems such as properties of the substrate and layer
numbers, as well as the unknown physical properties of the materials, such as thickness,
refractive index and roughness. These unknown properties can be described using
particular fitting parameters, which are varied in an iterative procedure to simulate tan(𝛹)
and ∆ data based on optical principles and laws. The difference between the simulated
data and experimental data can be quantified using different estimators, such as the
mean square error (MSE) method58. The simplest model generating the lowest MSE value
is usually considered the best presentation of the real state of the investigated system,
and the relevant properties can be obtained. Thus, combining the concept of effective
15

medium theory with appropriate analysis model building, refractive index of
nanocomposites can be obtained using ellipsometry.
As an example, an unknown transparent polymer thin film is deposited on a silicon
substrate. A single layer model is built for the data analysis, as Figure 1.6 shows. Cauchy’s
equation is usually used in ellipsometry to analyze transparent materials without
absorption. As has been mentioned in above, the most general form of Cauchy’s equation
is:
n (λ)=B+C/λ2+D/λ4+∙∙∙,
and the absorption coefficient is zero due to the assumption in the Cauchy model. Initial
values can be given to B, C, D and thickness to initiate the iterative procedure. After the
lowest MSE value is achieved, the obtained fitting parameters B, C and D can be used to
calculate the dispersion equation of the refractive index of this particular unknown
polymer thin film.
Although the inherent drawback of indirect measurement may introduce uncertainty, it
has not precluded ellipsometry from becoming one the most widely used tools in studying
optical and other properties of materials in the laboratory and industry.

Figure 1.6. A simple example of a single layer Cauchy model built for ellipsometry data
analysis of an unknown polymer thin film.
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CHAPTER 2
FABRICATION OF LOW REFRACTIVE INDEX THIN FILMS AND ANTIREFLECTIVE
COATINGS USING POLYHEDRAL OLIGOMETRIC SILSESQUIOXANES AS BUILDING
BLOCKS
2.1 Introduction
Antireflective coatings (AR coatings) are important optical components in many
applications such as luminescent system and solar energy harvesting. One way to realize
the antireflective performance is to utilize the destructive interference of light. As Figure
2.1 shows, the light is reflected at both air/coating and coating/substrate interfaces.
When these two reflected light are out of phase, destructive interference will happen and
cancel both beams partially or totally before they exit the surface.1 Two exact
requirements are needed for the exact cancellation of the reflected light in a single-layer
antireflective coating: (1) two reflected light are exactly out of phase and have the same
intensity, (2) the optical thickness of the thin film coating must be an odd number of
quarter wavelength (λ/4). When the incident angle is equal to 0, the reflectance at a
particular wavelength can happen when the refractive index n 2 = nSn0. Since n0=1.0, the
equation become:
n=√𝑛𝑠 ,
where n is the refractive index of the single-layer antireflective coating, ns is the refractive
index of the substrate. The refractive indices of glass, quartz and transparent plastic
substrates such as PET are from 1.45 to 1.58. Thus, the refractive index of the AR coatings
should range from 1.20 to 1.25. Unfortunately, options for such low refractive index
materials are very limited, which requires more synthesis of advanced materials.
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Figure 2.1. A schematic figure of a single thin film anti-reflection coating. Reproduced
form reference 1.
Low refractive index (n) materials (n<1.30) are highly desirable in designing optical
components and devices such as distributed Bragg mirrors2, omnidirectional reflectors3,4
and antireflective coatings5,6. Magnesium fluoride (MgF2, n=1.39) and fluorinated
polymers (n<1.40)7,8 are the most common low refractive index materials which have
been employed in fabrication of optical components such as antireflective coatings9,10 and
optical fibers7,11. However, the refractive indices of these materials are still higher than
1.30, which may compromise the device performance. One strategy to obtain materials
with lower refractive index is to introduce porosity. Numerous methods have been
reported to generate porosity within the materials and synthetize low refractive index
materials. Etching is one of the common approaches which is suitable for both inorganic
and organic systems12-14. For example, fabrication of low refractive index silica and glass
using hydrofluoric acid etching have been reported and the refractive index can be
decreased to 1.0314. Fabrication of low refractive index polymer coatings by selectively
removing one of the components in a binary polymer blend using solvent etching has also
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been reported 15. However, the use of hazardous acids and solvents is not friendly to the
environments and can cause serious safety issues, which is not desirable for large area
fabrication. Glancing angle deposition is another widely used method to deposit thin films
materials with controllable porosity16. Porous silica coatings with ultralow refractive index
of 1.05 have been demonstrated using glancing angle deposition by changing the
depositing angles.5,17 Compared with the etching method, this approach does not need
hazardous chemicals. However, this approach requires sophisticated instruments (Figure
2.2) to achieve special conditions such as high level of vacuum, which increases the cost
and operational difficulty in making low refractive index materials. Solution-based
processing methods are low-cost, efficient and simple to operate, which makes it a good
alternative approach to fabricate low refractive index materials. For example, solventdispersed mesoporous or hollow silica nanoparticles have been used to generate ultralow refractive index coatings using different techniques such as spin-coating18,19 and
layer-by-layer (LBL) deposition20 methods. Sol-gel method21-23 is another widely-used
solution processing approach to achieve low refractive index materials. In typical sol-gel
reactions, silica precursors such as tetraethyl orthosilicate (TEOS) are blended with water,
alcohol, organic templates and acid/base catalyst24-26. With condensation reactions
among the precursors and template removal, porous materials with low refractive indices
can be obtained. Refractive index as low as 1.10 has been reported using one step base
catalyzed sol-gel progress27, but the mechanical properties are usually weak. Acid
catalyzed sol-gel processes can generate more mechanically robust porous structures, but
the refractive index may be compromised due to the formation of more dense
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structures28. Modified base/acid two-step catalyzed sol–gel method29 and acid-catalyzed
template sol–gel process30 have been reported to take into account both mechanical
properties and low refractive indices of the obtained porous coatings.

Figure 2.2. Typical glancing angle deposition (GLAD) instruments, reproduced from
http://cnfm.unl.edu/instruments.

Figure 2.3. (a) Schematic diagram of the principle of glancing angle deposition
technique, reproduced from reference 31, (b) scanning electron microscope of a low
refractive index (n=1.05) silica thin film fabricated using glancing angle deposition,
reproduced from reference 5.

25

Recently there is growing interest in synthetizing porous materials using
polyhedral oligomeric silsesquioxane (POSS) molecules as building blocks. POSS molecules
have three-dimensional cage structures and are thermally and chemically stable. They
have been added as fillers or grafted onto polymer chains to enhance the composite
properties32,33. To generate porous materials, functionalized POSS cages are crosslinked
via different chemistry such as thermolysis, copper-mediated coupling, radical
polymerization and hydrosilation methods.34-45 The obtained materials have shown that
large surface areas and porosity within the material results from the hyper branched
geometry and molecule rigidity of POSS. However, few publications focused on thin film
fabrication and even fewer characterized the materials’ optical properties such as
refractive index.46,47 In one work, octavinyl POSS were modified by triethoxysilane groups
to assemble with cetyltrimethylammonium chloride (CTACl) templates. Porous materials
were synthetized after hydrolysis and condensation reactions of the silane groups in
present of acid catalyst and the removal of CTACl templates45, which is a similar progress
with the common sol-gel method. The obtained mesoporous thin films exhibit a low
dielectric constant and good mechanical properties, which are favored in microelectronic
applications. The refractive index was estimated as 1.27. Previously our group has proved
that mesoporous silica can be obtained from POSS/block copolymer composites (Figure
2.4) after steps of thermal annealing and calcination48. Here, following the same principle,
thin film materials were obtained by spin coating solutions of octa maleamic acid POSS
(POSS-OAA) and poly (ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene
oxide) triblock copolymer blends. With proper steps of thermal crosslinking reaction in
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solid state and calcination, mesoporous thin films were obtained. These thin films exhibit
tunable and low refractive indices (1.11 <n<1.37), and excellent mechanical robustness
(hardness>1.0GPa), which have been proven by ellipsometry and nanoindentation
measurements, respectively. The crosslinking steps have proven to be essential for the
formation of high porosity and low refractive index. The low refractive index coatings can
act as antireflective coatings to increase transmittance of a quartz substrate from 92.9%
to above 99.5%. The antireflective performance of these coatings can still be maintained
after being immersed in water for 120 hours at 30 °C. Compared with sol-gel method, the
presented method utilizes stable solid materials and solid state reactions, and does not
need acid/base catalyst, providing a simple, alternative way to fabricate low refractive
index coatings with good mechanical properties.

Figure 2.4. Disorder-to-order transitions of poly(ethylene oxide) containing block
copolymers induced by blending of polyhedral oligomeric silsesquioxanes functionalized
with maleamic acid or aminophenyl groups, reproduced form reference 48.
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2.2 Experimental Section
2.2.1 Materials
Commercially available commodity surfactant, Pluronic triblock copolymer F108
(PEO127-PPO48-PEO127) was purchased from Sigma-Aldrich. Octamaleamic acid polyhedral
oligomeric silsesquioxane (POSS–OAA, Mw= 1592 g mol–1) was purchased from Hybrid
Plastic. N,N-Dimethylformamide (DMF) was purchased from Fisher Scientific. All the
materials were used as received. Quartz substrates (25mm x 25mm) were purchased from
Chemglass.
2.2.2 Sample Preparation
Proper amounts of POSS-OAA and F108 block copolymer are measured and
dissolved in DMF to obtain solutions with certain ratios and concentrations. The solutions
are heated and stirred at 60 °C for 30 minutes to form homogenous mixtures then filtered
using filter paper. The solution concentration was fixed at 15 wt% for spin-coating, and 8
wt% to 15 wt% for drop-casting. For bulk samples, solutions with certain concentrations
were drop-casted on glass substrates then placed on a 70 °C hot plate overnight to
evaporate the DMF. Then the samples were placed in an 85 °C vacuum oven for one day
to evaporate the residual solvent and anneal. The samples were then collected for further
measurements or for further thermal treatment. For thin film samples, the solutions were
spin-coated onto silicon and quartz substrates and annealed in an 85 °C vacuum oven for
24 hours. Then the samples were maintained in the vacuum ovens for further thermal
treatment.
For fabrication of mesoporous materials, after the bulk or thin film samples were
annealed in vacuum for 24 hours at 85 °C, while maintaining the samples in the vacuum
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oven, the temperature was increased to 120 °C in 30 minutes and then maintained for 10
hours. Following this, the temperature was raised to 135 °C in 30 minutes and maintained
for 10 hours. Then the temperature was raised to 160 °C in 30 minutes and maintained
for 10 hours. Then the samples were cooled down to room temperature under vacuum.
These samples were then calcined in air at either 400 °C, 500 °C, 600 °C and 700 °C for six
hours with a ramping rate of 100 °C/hour. Then the samples were cooled down to room
temperature at a rate of 100 °C/hour. The samples were then collected for ellipsometry,
IR, nanoindentation, and UV-Vis spectroscopy.
2.2.3 Small Angle X-Ray Scattering (SAXS)
The annealed block copolymer/POSS composites were collected using doctor
blade. Then the samples were placed in the center of 1 mm thick metal washers filling the
washers completely. The washers were sealed on both sides with Kapton films. The filled
metal washers were put in metal cells that fit on a vertical heater installed inside the
sample chamber and heated to 80 °C. SAXS was performed using a custom instrument
from Molecular Metrology Inc. (presently sold as Rigaku S-Max3000). It uses a 30 W
microsource (Bede) with a 30 × 30 μm2 spot size matched to a Maxflux optical system
(Osmic) leading to a low-divergence beam of monochromatic Cu Kα radiation (wavelength
λ=0.1542 nm). The whole system was evacuated during operation and a 30 min
temperature equilibration time at 80 °C was employed before each measurement. The
sample to detector distance was calibrated using silver behenate standard peak at 1.076
nm–1. This allows measurements in wave vector (q) range of 0.06 < q < 1.6 nm–1 in
which q = (4π/λ) sin θ, where 2θ is the scattering angle.
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2.2.4 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR was performed using a Perkin-Elmer Frontier infrared spectrometer. Spectra
were obtained from 4000 to 650 cm-1 with a 4 cm-1 resolution. The samples were ground
into powders and placed on the crystal and pressed on top for appropriate contact with
the crystal. The spectra obtained were shifted vertically for clarity in data presentation.
2.2.5 Thermal Gravimetric Analysis (TGA)
TGA was performed using a TA Q50 instrument. 6-10 mg samples were used in
each measurement. The analysis was performed under oxygen gas. The curve was
recorded from 20 to 900 °C at a ramping rate of 10 °C/min. The total weight loss and
differential weight loss were monitored as a function of temperature over the entire
range.
2.2.6 Ellipsometry
The refractive indices were measured using a spectroscopic ellipsometer (RC2
with the NIR extension, J.A.Woollam Inc., Co.) and analyzed using the CompleteEASE
software (J.A.Woollam Inc., Co.). The data was collected in the wavelength range of 1931690 nm, using incident angle between 55 and 70o. The data was fitted using the Cauchy
model with selected wavelength from 400 to 1690 nm to obtain film thickness and
refractive index. Fitting the data using Cauchy model is reasonable for our materials since
the films are transparent and has minimum absorption over the selected wavelength
range. For the as-spin-coated films and mesoporous film calcined at 400 °C and 500 °C,
the model consists of one Cauchy layer on top of silicon substrate. When the films are
calcined at 600 and 700 °C, a thin layer of thermal oxide grows on silicon substrate, as
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evidenced by ellipsometry measurement. Thus the fitting model for these films consist of
two Cauchy layers on top of silicon substrate.
2.2.7 Nanoindentation
Nanoindentation was performed using a Triboindenter from Hysitron.
Indentations of different loads were performed at room temperature with a Berkovich
indenter to obtain hardness at different indenter displacements to increase data accuracy.
The indentation displacements were controlled to be less than 1/10 of the sample
thickness to avoid substrate effect. On each sample at least 30 indentations were
performed.
2.2.8 Ultraviolet–visible-near infrared spectroscopy (UV-Vis-NIR)
The transmittance spectra of coatings on quartz and bare quartz were obtained
using a PerkinElmer Lambda 1050 UV-Vis-NIR spectrometer. The direct transmittance
spectra data was collected from 400 nm to 1000 nm with a resolution of 5 nm.
2.3 Result and Discussion
The structures of POSS-OAA and F108 are shown in Figure 2.5. The maleamic acid
groups in POSS-OAA can interact with the PEO domain in F108 selectively via hydrogen
bonding interactions to induce a disorder-to-order transition in the block copolymer
composites, which has been proved in our previous research48. Due to the strong
hydrogen-bonding interaction, the loading of POSS-OAA in the block copolymer can be
very high without inducing macro-phase separation48,49. The high loading of POSS
molecules in the PEO domain is helpful for the close proximity of the POSS cages to
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achieve efficient condensation reactions among the POSS molecules to form robust
structures.

Figure 2.5. Schematic structure of F108 and POSS-OAA molecules.
To obtain mesoporous materials, The POSS-OAA/F108 block copolymer
composites were first annealed in a vacuum oven from 85 to 160 ℃ to crosslink POSSOAA and then calcined in air to remove the templates (See the details in the Experiment
section). TGA analysis suggests that the F108 templates can be degraded completely
above 400℃ (Figure 2.6). Here calcination temperatures from 400 to 700 ℃ and POSS
loadings from 50 wt% to 100 wt% are used to study the influence of these factors on the
film properties. Figure 2.7 summarizes the refractive indices (500 nm wavelength) of the
spin-coated POSS-OAA/F108 composite thin films and the mesoporous films obtained
from them. The thicknesses of the measured films ranged from 80 to 300 nm. From the
results, the block copolymer/POSS composite films with different POSS loading have close
refractive indices from 1.52 to 1.55. After thermal crosslink and calcination, the refractive
indices of the coatings decreased significantly. The resulting refractive indices of these
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films range from 1.11 to 1.37, where the refractive index is a function of calcination
temperature as well as POSS loading in the composites. The refractive indices increased
as calcination temperature increased, which indicates that denser materials were formed
at higher temperature due to more efficient condensation among the POSS cages and
collapse of the porosity. On the other hand, the refractive index of the porous thin films
increased as the POSS molecule loading increased, since less porosity was generated from
the removal of the F108 templates. It should be noted that the removal of the polymer
templates from the composites was not the only reason that caused the generation of
porosity and the decrease of the refractive index. The refractive index measurement
shows that the refractive index of the thin films obtained from 100 wt% POSS-OAA
decreased from 1.55 to 1.27 when the films were calcined at 400 ℃. This result suggests
that porosity can be generated within the POSS molecules in the absence of polymer
templates after calcination, which is one of the benefits of using POSS molecules to build
porous materials. From this result it can be the deduced that the porosity in the
mesoporous thin films obtained by calcination of POSS-OAA/F108 films was contributed
to not only by the degradation of polymer templates, but also by the formation of porous
POSS walls. The lowest refractive index achieved in these films is 1.11 when 50 wt% POSS
and 400 ℃ calcination temperature were used. This value is lower or competitive
compared with the films made from sol-gel method24,27,50 or nanoparticle coatings18,19.
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Figure 2.6. TGA analysis of POSS/F108 nanocomposites.
In our experiments, the POSS-OAA/F108 composites were annealed at temperatures from
85 °C to 160 °C in vacuum ovens before calcination. The annealing conditions have been
proved to be sufficient to trigger the condensation reaction between carboxylic acid and
secondary amine groups in the POSS-OAA to form anhydride and amide structures to
crosslink the POSS-OAA molecules

48.

The thermal crosslinking steps are important to

stabilize the structure and decrease collapse during calcination, leading to a higher level
of porosity and lower refractive index. To confirm this point, nanocomposite films
containing 70 wt% and 100 wt% POSS-OAA were calcined at 500 ℃ without the thermal
crosslinking steps in the vacuum ovens and refractive indices of the films were measured
using ellipsometry. The results showed that when the POSS loading was the same, the
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refractive index of the films without thermal crosslinking were significantly higher than
those of the films with thermal crosslinking. This result proved that crosslinking the POSSOAA before calcination is essential to obtain higher porosity and lower refractive indices.
The crosslinking reactions occur in solid-state and do not need acid or base catalysts,
which is one of the advantages of using POSS molecules to build porous materials rather
than using liquid silica precursors in the sol-gel method.

Figure 2.7. The refractive index of the POSS-OAA/F108 composites with different POSS
loading (cyan) and the mesoporous thin films obtained by calcination at 400 ℃ (black),
500 ℃ (red), 600 ℃ (green) and 700 ℃ (blue). The red star represent the refractive
indices of the mesoporous film undergoing calcination without the pre-crosslink steps.
Figure 2.8 shows the SEM images of the mesoporous thin films obtained from the
composites containing 50 wt% to 100 wt% POSS loading calcined at 400 °C. Open pores
can be observed clearly from the surfaces of the films when the POSS loading is below 90
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wt% and the pore size increased as the POSS loading decreased. The cross-section images
of selective samples in Figure 2.9 suggests that the pores are formed not only on the
surface, but also within the films. In our previous research, ordered mesoporous silica has
been observed using TEM. However, in the thin film study, ordering of the pores was
observed only in selective areas in mesoporous films obtained from composites
containing 80 wt% POSS (Figure 2.8 (c)), and the pores in some cases were oval-like,
evidenced by the cross-section SEM images (Figure 2.9). The reason of the ordering loss
and pore deformation in the thin films in this study is still unclear. One of the possible
reasons could be that the shrinkage of the thin films during the calcination is confined in
the normal direction due to the thin film geometry, which results in the non-uniform
deformation of the porosity and ordering loss.

Figure 2.8. SEM images of the surfaces of the films obtained from calcination of the
composites with POSS loading of 100 wt% (a), 90 wt% (b), 80 wt% (c), 70 wt% (d) and 50
wt% (e). The inner box in (c) shows the area of order porosity on the surface.
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Figure 2.9. SEM images of cross-sections of mesoporous thin films obtained from
composites containing 70wt% (Left) and 50wt% POSS (Right). The calcination
temperature is 400 ℃.
Good mechanical properties are essential for porous materials in optical and
microelectronic applications since they can provide porous materials long working life and
robustness during processing. Here the hardness of the mesoporous thin films is
measured using nanoindentation. Figure 2.10 (a) shows typical “Load vs Displacement”
curves obtained from the mesoporous films in the nanoindentation measurement. In the
example, the thin films were obtained from 70 wt% POSS loading composites and the
loading forces in nanoindentation were from 100 uN to 500 uN. The smooth load and
unload curves in Figure 2.10 (a) indicate that in the indentation progress, no large cracks
or layer delamination were generated in the films. The data can be characterized using
the Oliver-Pharr model51 built for nanoindentation analysis to calculate the hardness. To
obtain more reliable and precise results and avoid the local effect of the nanoindentation,
at least thirty points on each film were measured and the points were at least 20 um away
from each other to avoid their influence on measurements. To avoid “substrate effect” 52,
the displacements in all indentations were controlled to be less than 1/10 of the total
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thickness of the films. At the same time, different indentation loadings were used for each
sample to achieve different displacements. From Figure 2.10 (b), the hardness of the
example samples do not fluctuate significantly with the displacements of the indentation,
indicating that the hardness is not a function of the indentation depth. Figure 2.10 (c)
summarizes the average hardness of the films obtained from different POSS loadings and
calcination temperatures. As shown in Figure 2.10 (c), similar to the trends of refractive
index, the hardness of the mesoporous films increased as POSS loading and calcination
temperature increased. The hardness of the mesoporous thin films were higher than 1.0
GPa when the POSS-OAA loading was higher than 80 wt%. The resulting hardness values
are very competitive compared with those of the reported mesoporous silica coatings
made from sol-gel method in the references19,24,50, which are usually several hundreds
MPa. We also compare these hardness values with those build from silica nanoparticles.
In the experiment, spin-coated silica nanoparticle film with refractive index 1.36 (at 500
nm wavelength) was characterized under the same conditions by nanoindentation after
calcination at 500 ℃.The hardness was 3.30±0.83 GPa. As a comparison, the hardness of
the mesoporous films calcined at the same temperature with a similar refractive index of
1.35 is 3.46±0.71 GPa. These results indicate that the hardness of the mesoporous films
obtained using POSS as building blocks was similar compared with the calcined silica
nanoparticle coatings when they have similar refractive indices.
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Figure 2.10. (a) Load-unload curves of the nanoindentation on mesoporous films
obtained by calcination of the composites with 70 wt% POSS at 500 ℃; (b the measured
hardness of the selected mesoporous thin films at different displacements in the
indentation; (c) the hardness of the mesoporous films obtained from different POSS
loading at calcination temperature of 400 ℃ (black), 500 ℃ (red), 600 ℃ blue) and
700 ℃ (cyan).
With sufficiently low refractive indices and strong hardness, one of the potential
applications for these mesoporous films is as antireflective (AR) coatings, which are used
to decrease the reflectance from reflective substrates. In principle, zero reflectance in
selective wavelength can be achieved via destructive interference by depositing a single
AR layer on the substrate. The thickness of this AR coating should be equal to λ/4, in which
λ is the target selective wavelength, and the refractive index of this layer should be equal
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to (nans)1/2, in which na is the refractive index of air (na=1.0) and ns is the refractive index
of the substrate. When quartz is used as the substrate, the refractive index of the AR
coating should be around 1.21, since quartz has refractive index around 1.46. To satisfy
this condition, mesoporous thin films obtained from the composites with 80 wt% POSS
were employed. The materials were spin-coated on both sides of the quartz substrate to
decrease the reflectance from both air/substrate interfaces. After thermally crosslinking
and calcination at certain temperatures, direct transmittance of these films was
measured using a UV-Vis spectrometer. Figure 2.11 (A) shows the direct transmittance
spectra of the mesoporous coatings obtained at different calcination temperatures (400
to 700 °C) in the wavelength range from 400 nm to 1000 nm. The spin-coating speed was
1000 rpm for all of the four samples. The results show that the transmittance of bare
quartz is around 92.9%. With the mesoporous coatings on both sides, the transmittances
increased in all of the samples prepared in different calcination temperatures over a
certain wavelength range. The transmittance curves of these samples exhibit V-shapes,
which were the result of interference of the reflected light from air/coating and
coating/substrate interfaces. The maximum transmittance in the spectrum and the peak
wavelength of each curve are summarized in Table 2.1. The maximum transmittance
were above 98.5% in all cases, and the highest transmittance maximum is 99.88%, when
the film was calcined at 500 °C. This result suggests that the refractive index of the
mesoporous films obtained from calcination at 500 °C has the best match with square
root of the refractive index of quartz substrate. Figure 2.11 (B) shows the transmittance
spectra of the samples with different film thickness when the calcination temperature
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was fixed at 500 °C. Since the coatings in different samples have similar refractive indices
due to the same calcination temperature, the maximum transmittance in these samples
were very close. The maximum transmittance values were all above 99.5% due to their
good refractive index match with the theoretical number. In principle the wavelength
position of the maximum transmittance can be tuned by the AR coating thickness. Here
the thicknesses of the mesoporous films can be tuned by controlling the spin-coating
speed when the concentration of the spin-coating solution is fixed. The thicknesses of the
films obtained under different conditions have been summarized in Table 2.1. The results
show that by increasing the spin-coating speed from 1000 to 3000 rpm, with slight change
in maximum transmittance, the maximum transmittance wavelength position shifts to
shorter wavelengths due to the decrease of the coating thickness. High transmittance
above 98.0% over the whole visible light range can be achieved by simply optimizing the
spin-coating speed at 2000 rpm.

Table 2.1. The thicknesses of the AR coatings generated at different spin-coating speeds
and calcination temperature, and the correspondent maximum transmittance and the
maximum transmittance position of the quartz substrates with/without the AR coatings
on both sides
Calcination
Temperature
(℃)
400
500
500
500
600
700
Quartz

Spin-Coating
Speed (rpm)

Thickness
(nm)

1000
1000
2000
3000
1000
1000
-

230.8
213.0
135.0
97.6
179.2
176.3
-
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Max
Transmittance
Wavelength
(nm)
865
835
504
410
665
585
-

Maximum
Transmittance
(%)
99.66
99.68
99.88
99.60
99.24
98.76
92.9

Figure 2.11. (A) Direct transmittance spectra of bare quartz substrate (black) and the
quartz substrates with mesoporous films obtained at different calcination temperature
(color) on both sides; (B) direct transmittance spectra of bare quartz substrate (black)
and the quartz with mesoporous films obtained from different spin-coating speeds
(color) at fixed calcination temperature of 500℃.
The performance of the antireflective coatings is incident-angle dependent, which
is the inherent property of single-layer antireflective coatings. From Figure 2.12, the
reflectance of the quartz substrate was dependent on the incident angle. When the
incident angle increased, the reflectance increased. When the incident angle was the
same, the reflectance was decreased significantly after the low index coatings were
coated on the quartz substrates. The reflectance of the antireflective-layer coated quartz
substrates increased as the incident angle increased, which is the same behavior with the
bare quartz substrates. In addition, the minimum reflectance of the curves shifted to
shorter wavelength when the incident angle increased. The incident angle dependence
behavior results from the change of the optical path length. The incident angle
dependence can be weaken or avoided by fabricating gradient refractive index coatings,
which are considered as the next generation design of antireflective coatings, which can
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achieve broadband omnidirectional antireflective performance.1 With our mesoporous
coatings with tunable refractive index, gradient index coatings for glass or quartz
substrates can be fabricated, which is an important work in the future.

Figure 2.12. Both the quartz substrate (dot) and the substrates with double-side coating
(solid line) shows the reflectance was incident-angle dependent. The incident angles
employed were 8o (black), 30o (red), 45o (green) and 60o (blue)
The stability of the mesoporous antireflective coatings in water was also tested in
this study. The stability of antireflective coatings in water is important for outdoor
applications due to the harsh weather conditions and cleaning requirements. The
mesoporous coatings on quartz were obtained at calcination temperature from 400 to
700 °C. The coated substrates were then immersed in 30 °C DI water for 120 hours, and
transmittance spectra of the coated substrates were recorded before and after the water
immersion tests. Figure 2.13 shows that the transmittance spectra of the coatings

43

obtained at each temperature did not change after the water contact, proving that the
stability of these mesoporous coatings in water at mild temperature conditions is good.

Figure 2.13. The direct transmittance spectrums of the quartz substrates with the
mesoporous AR coatings on both sides obtained at different calcination temperatures
before (black) and after (red) being immersed in water for 100 hours at 30 °C.
2.4 Conclusions and Future Work
Mesoporous coatings with tunable, low refractive indices and good hardness have
been fabricated from POSS-OAA/F108 block copolymer composites. By thermally
crosslinking the POSS-OAA molecules in prior to calcination, the POSS molecules can
maintain close packing and stabilize the structure, resulting in lower refractive index in
the obtained coatings. The refractive index and hardness are functions of POSS loading
and calcination temperature. Antireflective coatings can be fabricated on quartz
substrates by optimizing the layer thickness and calcination temperature. High
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transmittance (>99.0%) can be achieved. The coatings are stable in water at mild
conditions for a relatively long time. The application of these low refractive index coatings
can be easily extended to design other optical components such as broadband and
omnidirectional multiple layer antireflective coatings and Bragg reflectors in combination
with other materials.
F108 is not the only polymer template that can be used. In fact, by using different
templates, the pore size and morphology of the porous materials can be changed. For
example Figure 2.14 shows the TEM and SEM images of macroporous silica fabricated by
using large domain bottle brush block copolymers53 in our group. More work and
characterization are on the way.

Figure 2.14. Schematic diagram for bottle brush block copolymers and the TEM/SEM
images of macroporous silica obtained by calcination of POSS/polymer composites.
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CHAPTER 3
LOW TEMPERATURE FABRICATION OF MESOPOROUS TITANIUM DIOXIDE THIN FILMS
WITH TUNABLE REFRACTIVE INDEX FOR 1-D PHOTONIC CRYSTALS AND SENSORS ON
RIGID AND FLEXIBLE SUBSTRATE
3.1 Introduction
Bragg mirrors, structures made from alternating layers of two different dielectric
materials, are common optical components used in many applications such as lasers, 1-2
light emitting diodes3-4 and solar cells.5-6 They are employed because of their strong
reflectance at a well-defined wavelength range, which results from constructive
interference of reflected light at the interface between each layer. The intensity,
wavelength and bandwidth of the reflected light are determined by refractive index,
thickness and number of layers. For manufacturing, thin film deposition techniques such
as physical vapor deposition7 and chemical vapor deposition8 are employed to achieve
highly uniform films and finely controlled film thicknesses. Combined with sol-gel
methods, solution-based deposition techniques such as spin coating9-10 and dip coating1112 are also employed to fabricate Bragg mirrors over large areas. Bragg mirrors made from

the self-assembly of block copolymer gels and bottlebrush block copolymers have also
been reported.13-15
Recently, the use of porous materials as building blocks for Bragg mirrors has
attracted significant attention16-17,21-22. Optical responses arising from chemical and
biological stimuli provide novel applications for mesoporous Bragg mirrors as sensors and
detectors23. One way to obtain mesoporous thin film materials is to use sol-gel precursors
combined with surfactants or block copolymers as templates16-20. Typically, mesoporous
titanium dioxide (TiO2) and silicon oxide (SiO2) with Pluronics and cetrimonium bromide
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templates are employed because the resulting materials have sufficient refractive index
contrast to provide a strong and well-defined reflectance waveband16. After high
temperature calcination, ordered and interconnected mesoporous structures are
generated within each layer. The absorption of target compounds modifies the refractive
index of each mesoporous layer, resulting in an altered optical response. Selective
response to specific compounds can be realized by chemical functionalization of the pore
surfaces, enabling the concept of a “Photonic nose”.17, 23 Porous Bragg mirrors can also
be made from a single material where the refractive index contrast results from a porosity
difference between layers. In one example, poly (isoprene-block-ethylene oxide) was
employed as a template of TiO2 sol-gel precursors22. However, high temperature
calcination above 500 oC was necessary to crystallize the amorphous TiO2 phase
templated by the polymer, which limits the application of the materials on flexible
substrates such as polyethylene terephthalate (PET).
An alternative way to achieve mesoporous Bragg mirrors is to use
crystalline nanoparticle films as building blocks. Spin-coating24 and layer-by-layer
deposition25 are commonly employed. Compared with the template-directed sol-gel
methods, the nanoparticle route is usually less time-consuming and is more robust. TiO2
and SiO2 nanoparticles are commonly used since they have a large refractive index
contrast (bulk TiO2=2.49, bulk SiO2=1.45). Many other nanoparticles have also been
synthesized and employed as building blocks for mesoporous Bragg mirrors including
ZrO2,26 Fe2O3,27 ZnO,27 NiO and WO3.28 The diversity of nanoparticles provides Bragg
mirrors novel properties and applications such as selective UV reflecting mirrors,26
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electrochromic Bragg mirrors28 and as a mean to enhance the efficiency of photovoltaic
devices.29-32
Here we present a rapid and low-cost method for fabricating highly transparent
mesoporous TiO2 thin films with tunable porosity at room temperature on either silicon
or plastic substrates by exploiting the photocatalytic properties of TiO 2. Anatase TiO2 is a
well-known photocatalyst capable of degrading organic materials under UV light.33
Additionally, recent research has focused on the effects of UV treatment on the
electrochemical properties of TiO2 films, since UV irradiation provides a low temperature
sintering alternate to calcination, enabling device fabrication on flexible plastic
substrates.34-37 In our work, highly transparent hybrid TiO2 nanocomposite films were
obtained by dispersing TiO2 nanoparticles in polymer templates. Porosity was tuned by
controlling the loading of TiO2 nanoparticles in hybrid films prior to UV radiation, which
results in a tunable refractive index. The mesoporous TiO2 films were characterized by
ellipsometry, infrared spectroscopy (IR) and scanning electron microscopy (SEM). By
deposition of two TiO2 hybrid films with precisely designed thicknesses and refractive
indices, we generated porous TiO2 Bragg mirrors with strong and well-defined reflections
after UV radiation. The Bragg mirror was optically sensitive to the adsorption of chemical
vapors. Due to low temperature fabrication, this method is compatible with flexible
substrates such as PET.
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3.2 Experimental Section
3.2.1 Materials
15 wt.% Titanium dioxide (anatase phase) nanoparticles dispersed in water were
purchased from Nanostructured & Amorphous Materials, Inc; Norland Optical Adhesive
65 (NOA65) was purchased from Norland Products, Inc; poly(acrylic acid) (PAA,
Mw=1800g) and N-methyl-2-pyrrolidone ReagentPlus 99% (NMP) was purchased from
Sigma-Aldrich; methanol (MeOH) was purchased from Fisher Scientific; poly(ethylene
terephthalate) (PET) films were purchased from Dupont; silicon wafers of (100)
orientation (p-type, boron dopant) were purchased from NovaElectronics. All materials
were used as received without further purification.
3.2.2 Solvent Exchange of TiO2 Nanoparticle Dispersion
A 250 mL glass bottle with screw cap was charged with 100 g 15wt% water dispersion of
TiO2 nanoparticles. 50 g NMP and 50 g MeOH were added to the TiO 2 dispersion and
stirred. Then the solution was slowly dried under a constant air flow for two days until
most of the water was removed. The obtained nanoparticle slurry was then redispersed
by vortexing and sonicating using a Qsonica sonicator. The resulting dispersion had a TiO2
concentration of approximately 15.3wt%. The organic solvent based TiO2 dispersions
were stable for several months.
3.2.3 Preparation of Hybrid TiO2 Nanocomposite Films and Photodegradation
Solutions of solvent-exchanged nanoparticles, additional NMP/MeOH solvent, and either
PAA or NOA65 were prepared at the desired compositions. The solutions were then
sonicated for 5 minutes with a Qsonica sonicator prior to spin coating. Silicon, glass and
PET substrates were used in spin coating. Spin coating was performed until the color of
54

films remained constant. The films were then put on a 60 oC hotplate for 15 minutes to
evaporate residual solvent. The TiO2 /NOA65 hybrid films were cured under a XENON RC500 pulsed UV curing system with a dose of 8 J/cm2. Then the hybrid films were exposed
to 264 nm UV with 4.5 mW/cm2 for different periods of time at room temperature or at
65 oC to degrade the organic components. The obtained films were labeled as T100, T90,
T80, T70 and T60. The number indicates the weight percent of TiO 2 nanoparticles in the
hybrid films before UV radiation.
3.2.4 Bragg Mirror Fabrication
A layer of TiO2 hybrid film containing 60 wt% TiO2 and 40 wt% NOA65 was formed by spincoating. After completely degrading the organic components under UV radiation, a layer
of TiO2 nanoparticles was spin-coated on top. Then the previous two steps were repeated
until target number of layers was obtained. The substrate can be a silicon wafer or PET.
3.2.5 Characterization
Refractive indices and film thicknesses were characterized by a Sopra GES-5 Variable
Angle Spectroscopic Ellipsometer (VASE). Modeling of the VASE data was performed with
Winelli commercial software available from Sopra. Infrared spectroscopic measurements
were performed using a Bruker Vertex 70 FTIR spectrophotometer in ATR mode.
Transmittance UV-Vis-NIR spectroscopy was performed on a Shimadzu UV-3600
spectrophotometer. Reflectance measurements were conducted on a F20 spectrum
reflectance instrument from Filmetrics. The relative humidity was 13% and temperature
was 20 ℃ in each of the solvent vapor tests. Field emission scanning electron microscopy
(FESEM) was performed on a FEI Magellan FESEM.
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3.3 Results and Discussion
To obtain transparent and uniform porous TiO2 nanoparticle films after UV
degradation, aggregation between TiO2 nanoparticles must be minimized in the hybrid
films before irradiation. The organic templates or binders should be compatible with the
nanoparticles, and should not induce nanoparticle precipitation or aggregation in the
solutions or thin films. The TiO2 nanoparticles used in our experiments were initially welldispersed in water. Unfortunately, the majority of polymers, oligomers and monomers of
interest for hybrid film formation are not soluble in water. To allow for more organic
template options, a solvent exchange method was employed38 (See Experimental Section).
The resulting solvent is a mixture of the polar aprotic solvent NMP and the polar protic
solvent MeOH.

The solvent-exchanged nanoparticles were well-dispersed in the

NMP/MeOH mixed solvent (Figure 3.1). The average particle sizes were 8.60 nm and 8.25
nm before and after solvent exchange, respectively, and the solvent-exchanged
dispersion was stable for months.

Diameter (nm)

Figure 3.1. Size distribution of TiO2 nanoparticles in water (white circle) and NMP/MeOH
(black circle)
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NOA65 is a UV-curable resin based on thiol-ene click chemistry which consists of
trimethylolpropane diallyl

ether,

trimethylolpropane

tris(3-mercaptopropionate),

isophorone diisocyanate and photonitiator.39-40 The monomers contain both hydrophilic
and hydrophobic groups and can function as molecular surfactants; NOA65 is compatible
with TiO2 nanoparticles in solution without precipitation or aggregation. TiO 2/NOA65
hybrid thin films with different TiO2 nanoparticle loadings, up to 90 wt%, were obtained
by spin-coating. With proper doses of UV radiation, these films were crosslinked into a
polymer/nanoparticle network. These thin films were highly transparent in visible
wavelength range, as confirmed by UV-Vis measurements (Figure 3.2), which indicated
that little TiO2 nanoparticle aggregation occurred during fabrication. UV curing
crosslinked the NOA65 resin and the resulting hybrid films could not be dissolved in
solvents such as MeOH or NMP, allowing additional layers to be spin-coated sequentially
on top of one another. UV radiation was also employed to degrade the organic template
to achieve porous TiO2 films at room temperature. Upon UV exposure, TiO2 produces
holes and electrons which can react with moisture and oxygen in the atmosphere to
generate radicals, oxidizing organic components.33,

41

The photoinitiator in NOA65

absorbs UV light around 365nm to initiate polymerization and TiO2 absorbs UV light below
350nm, so initiation of polymerization will not be inhibited by the photoactivity of TiO 2.
Since no UV filter was used, polymerization and degradation occurred simultaneously
under the UV source. During irradiation, the thickness and refractive index of a hybrid film
that contained 60 wt% TiO2 and 40 wt% NOA65 were monitored via ellipsometry. The
films were obtained by spin-coating a 13 wt% solution at 3000 rpm prior to irradiation. As
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showed in Figure 3.3 (a), the film thickness decreased during the first 80 minutes due to
shrinkage from both the polymerization and degradation processes and then remained
constant.

The refractive index increased after 15 min of irradiation as the resin

crosslinked and then began to decrease from 1.77 to 1.74 slowly over one hour due to
the degradation of polymer (Figure 3.3 (b)). Over the next hour, since the polymerization
was nearly complete, the degradation process dominated and the refractive index
decreased five times faster than in the previous hour, stabilizing at 1.55 after three hours
of irradiation. These results indicate that the organic components were completely
removed within three hours of UV radiation. To determine whether UV light alone could
degrade an NOA65 film, a cured NOA65 film was exposed under the same conditions for
3 hours. No obvious thickness or refractive index change was observed, which indicated
that NOA65 is relatively stable to UV irradiation at these conditions. Therefore the
degradation in this TiO2/NOA65 system is a result of TiO2 photocatalysis.

Wavelength (nm)

Figure 3.2. UV-Vis spectrum of TiO2/NOA65 hybrid films with different TiO2 loadings.
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Figure 3.3. Thickness (a) and refractive index (b) changes of a TiO2 hybrid films during
UV irradiation.
Infrared (IR) spectroscopy over the range 4000-650 cm-1 was employed to study
the UV degradation progress to confirm the complete removal of organic component
(Figure 3.4). The film samples were removed from the substrate and ground into powders
for IR characterization. In the spectrum of cured NOA65, strong absorption centered at
1714 cm-1 was characteristic of C=O bond stretching. Peaks at 1235 cm-1, 1024 cm-1 were
assigned to C-O bond stretching in acetate groups. The signal from 2770 cm-1 to 3360 cm1

resulted from C-H stretching. The broad absorption around 3345 cm-1 was assigned to

O-H stretching in trimethylolpropane diallyl ether. All of the signals in NOA65 were
observed in the IR spectrum of a hybrid composite containing 60 wt% TiO2 and 40 wt%
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NOA65 before UV degradation. After UV degradation, all signals from organic
components disappeared and the broad absorption from 3000 to 3300cm-1 was assigned
to Ti-OH.42 The 1634 cm-1 peak was assigned to hydroxyl groups in water absorbed on
TiO2 surface. Strong absorption below 800 cm-1 is due to Ti-O-Ti vibration in nanoparticles.
These peaks are well-matched with those of pure titanium dioxide nanoparticles,
indicating that 3 hours of radiation with the UV lamp used is sufficient for complete
photo-degradation of NOA65 at room temperature. In fact, additional experiments show
that if the temperature is increased to 65 oC when the films were exposed to UV, the
complete photodegradation process completed in one hour (Figure 3.4 (d)).

Wavelengnumber (cm-1)

Figure 3.4. FTIR spectrum of NOA65(a), 60wt%TiO2/40wt%NOA65(b),
60wt%TiO2/40wt%NOA65 after UV radiation at room temperature for three hours(c),
60wt%TiO2/40wt%NOA65 after sufficient UV radiation at 65 oC for one hour(d) TiO2
nanoparticles(e).
Transmittance of the porous 100 to 400 nm thick TiO2 films on glass substrates
was characterized using a UV-Vis spectrophotometer. The porous TiO2 films were labeled
T60, T70, T80 and T90 respectively, where the number indicates the weight percent of
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TiO2 nanoparticles in the hybrid films prior to UV degradation. The transmittance
measurements show that after UV degradation, the porous TiO 2 films are highly
transparent at all visible wavelengths regardless of nanoparticle loading (Figure 3.5 (A)).
The high transparency of the films will minimize scattering and absorption losses in each
layer, which is important for achieving high reflection efficiency for the Bragg mirrors.
Refractive indices of TiO2 hybrid films after UV degradation were measured using
VASE37 (Figure 3.5 (B)). As shown in Figure 3.5 (B), the refractive indices of porous TiO2
thin films decrease from T90 to T50 because of the greater amount of porosity produced
by removing NOA65 from composites containing fewer nanoparticles. Decreasing TiO2
loading further below 50 wt% resulted in significant shrinkage during degradation and
produced uneven films. A spin-coated 100 wt% TiO2 nanoparticle film (T100) was also
characterized and it exhibited a refractive index similar to that of T90.

Figure 3.5. (A) Transmittance of mesoporous TiO2 nanoparticle films: T90 (a), T80 (b),
T70 (c) and T60 (d). (B) Refractive indices of T100 (a), T90 (b), T80 (c), T70 (d), T60 (e)
and T50 (f) obtained from ellipsometry.
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Using the refractive index data, porosities of the mesoporous films can be
estimated suing the Lorentz-Lorenz relationship.43 The summarized porosity and
refractive index data is shown in Table 3.1.

Table 3.1. Refractive index and porosity of mesoporous TiO2 nanoparticle films after
UV radiation.
Sample

T100
T90
T80
T70
T60
T50

wt% TiO2 before UV
radiation

Refractive index
after UV radiation
at 600nm

100
90
80
70
60
50

1.73
1.72
1.68
1.60
1.55
1.53

Porosity

36.1%
36.0%
39.5%
45.3%
49.0%
51.2%

Because the porosity of the films is generated from the interstitial space between
the TiO2 nanoparticles the achievable porosity is limited by the jamming of the
nanoparticles. Random packing of model identical spheres has been studied for decades
and experimental and simulated results show that the porosity produced by particle
jamming has an upper and lower-limit. The lower-limit of the porosity is 36% to 38% for
random close packing46 and upper-limit is around 48% for random loose packing.44-45 In
the porous films reported here, spherical nanoparticles were jammed by interactions
between themselves and their neighbors. T100 and T90 had porosity around 36%, which
is close to the void percent of a random close packing of identical spheres.46 On the other
hand, the porosity of T50 was around 51%, which is a little bit higher than the upper-limit
of a random packing of spheres. One explanation for this observation is that the strong
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interactions between the nanoparticles provided more frictional forces to form a rigid
structure to increase the porosity. Indeed, experiments showed that the mesoporous TiO2
films were stable to heating and sonication for extended periods in common solvents and
solvent mixtures including NMP/MeOH, water, IPA and DMF (See Table 3.2). The
thicknesses and refractive indices of T60 films didn’t change after the films were placed
into these solvents and treated with sonication.

Table 3.2. Thickness and refractive index at 600nm of T60 samples before and after
heating and sonication treatment in different solvents
Thickness as
casting

Thickness after Refractive index
treatment
as casting

Refractive
index after
treatment

Heating

80.2nm

81.0nm

1.54

1.54

Water

79.6nm

78.8nm

1.53

1.54

NMP/MeOH

82.3nm

82.6nm

1.54

1.54

IPA

80.7nm

80.1nm

1.53

1.54

DMF

72.0nm

72.9nm

1.54

1.54

The films were relatively stable under mild mechanical force and upon heating.
Mesoporous films derived from T60 were sonicated (20 KHz, output energy 1.2 J/s) in
water for 30 mins or heated on a 150 oC hotplate for 72 hours. The thickness and
refractive index remained approximately constant before and after these treatments
(Figure 3.6, Table 3.2). This indicated that no collapse or particle rearrangement occurred
during sonication or heating and that the films were stable under shear and heat. Factors
that may stabilize the films include strong interactions between TiO 2 nanoparticles and
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the UV treatment. UV light treatment has been shown to improve interconnection
between TiO2 nanoparticles via formation of covalent bonds between them. 33, 37 One
possible mechanism suggested in the literature is that UV induced oxalation reactions
lead to condensation between –OH groups in neighboring TiO2 nanoparticles.35

Wavelength
(nm)
(a)

(b)

Figure 3.6. Ellipsometry data of T60 films before (black solid) and after(black circle)
treating with heating(a) and ultra-sonication in water(b).
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Scanning electron microscopy (SEM) was employed to study the structure and
morphology of the porous TiO2 thin films. Figure 3.7 shows the top view of T100, T90, T80,
T70 and T60 thin films. Pore size ranged from 7nm to 20nm, indicating that the films are
in fact mesoporous.47 Pore sizes distributions were wide and the structures did not exhibit
any long range order.

Figure 3.7. SEM image of surfaces of T100 (a), T90(b), T70(c), T60(d), T50(e)
The mesoporous TiO2 nanoparticle films with tunable RI are useful building blocks
for Bragg mirrors deposited on silicon or PET substrates; T100 and T60 were employed to
build Bragg stacks. At 600 nm the refractive indices of T100 and T60 were 1.73 and 1.53,
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respectively. A solution containing a 60:40 ratio of TiO2 to NOA65 was first spin-coated
on the substrate. Then the layer was exposed to UV until all of the organic components
were degraded, forming the mesoporous TiO2 film T60. Then solution containing TiO2
nanoparticles was spin-coated onto the previous formed mesoporous TiO2 film to form a
T100 layer. These steps were repeated to obtain a Bragg mirror with the target number
of layers.
Figure 3.8 shows SEM images of mesoporous TiO2 films and a Bragg mirror. All of
the samples were studied without further treatment. Figure 3.8 (a) and Figure 3.8 (b)
show the top views of T100 and T60 respectively, which are the two building block layers,
and the difference in porosity between T100 and T60 is clearly observed. Figure 3.8 (c)
and Figure 3.8 (d) show the cross-section view of a Bragg mirror deposited on silicon.
Since the Bragg mirror was made entirely from the same TiO2 nanoparticles, the contrast
between each layer arises only from the porosity difference. The image shows the Bragg
mirror structure with 8 layers. Cracks are common defects during nanoparticle film
fabrication48-49 and are often observed above a critical crack thickness which depends on
coating method, solvent and particle size. However, in this work, no cracking was
observed by SEM analysis of our Bragg mirrors deposited on silicon. This could be due to
the serial deposition of thin nanoparticle films50.
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Figure 3.8. SEM images of top view of T100(a), T60 (b), and cross-section images of a
Bragg mirror deposited on silicon in different scale(c),(d).
Figure 3.11 shows the reflectance spectra and optical images of a Bragg mirror
deposited on a silicon substrate. To tune the reflectance wavelength, we spin-coated 13
wt% T60 solutions at 3000 rpm, 2500 rpm and 2000 rpm respectively to adjust the
thickness of the T60 layers, and spin-coated 8.2 wt% T100 solutions at 3000 rpm. The
thicknesses of each T60 layer after template removed by UV irradiation are shown in
Figure 3.9, and thicknesses of T100 were 105.2±3.1nm, as determined by ellipsometry.
Well-defined and thickness-tunable reflectance from green to red wavelengths was
demonstrated. As the thickness of the T60 layer increases, the reflectance shifts to longer
wavelengths. Secondary reflections are due to Fabry–Perot oscillations generated from
the interference between light reflected from the silicon substrate and top face of Bragg
mirrors. The influence of layer number on reflectance was also studied (Figure 3.10). By
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increasing the number of bilayers from one to four (one bilayer contains one T60 and one
T100 layer), the reflectance intensity was increased, while the peak position didn’t shift
significantly. In the porous Bragg mirror fabrication using nanoparticles, nanoparticles can
infiltrate into the pores of the previously deposited layer, which can decrease the porosity
and increase the refractive index of each layer due to viscous mass flow at high calcination
temperature.21,

29

Here we used simulations to study our Bragg mirrors. COMSOL

Multiphysics® simulation software was employed to build the eight-layer Bragg mirror
model. The thicknesses of T60 and T100 were 98 nm and 103 nm, respectively, which
were estimated from the SEM measurement. Refractive index data used in the simulation
was obtained from ellipsometry measurements of T60 and T100. Figure 3.11 (d) shows
the simulated results using COMSOL Multiphysics® simulation software. As Figure 3.11 (d)
shows, the experimental data and simulated results showed a reasonable match in both
intensity and phase. This indicated that the viscous mass flow is inhibited under our room
temperature fabrication method. The mesoporous structure is robust, and each layer in
the multilayer structure still maintained its original porosity and refractive index,
uninfluenced by neighboring layers.
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Figure 3.9. Thickness of T60 layers at different spin-coating speeds as measured by
ellipsometry after removing the template by UV irradiation

Wavelength (nm)

Figure 3.10. Reflectance measurement of a Bragg mirror sample with different layer
number
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Figure 3.11. Reflectance of Bragg mirrors indicating colors of green (a), orange (b), and
red (c) respectively. Scale bar is 500mm. (d) The experimental (solid) and simulated
(circles) data of one Bragg mirror, which is the same sample used in the SEM image.
The mesoporous Bragg mirrors can also be used in chemical vapor sensing
applications. As Figure 3.12 shows, the color of one Bragg mirror shifted from orange to
red when exposed to toluene vapor, and the sensor’s performance remained stable after
several cycles (Figure 3.12 (d)). This shift of the reflectance of Bragg mirror indicated that
the pores were interconnected within the multilayer structure. The reflectance of a Bragg
mirrors exposed to other solvent vapors were also measured using a reflectometer
equipped with a closed cylinder chamber (3.2 inches in diameter, 2.5 inches in height).
Fifteen milliliters of solvent were placed in a vial in the chamber as solvent vapor sources
and the reflectances were recorded after equilibrium. Ethonal (nD20=1.36),
tetrahydrofuran (nD20=1.40), dichloromethane (nD20=1.42) and toluene (nD20=1.50) were
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employed as test solvents. The peak reflectance shifts to longer wavelengths as the Bragg
mirrors were exposed to vapors due to the infiltration and condensation of solvent
molecules into the pores, and that the magnitude of the shift increased with the increase
of the refractive index of the solvent vapors. The analysis of reflectance position suggests
a linear relationship between reflectance wavelength and the refractive index of solvent
vapors, which provides a basis for applications of the mesoporous TiO2 Bragg mirrors as
vapor sensors. The sensitivity of the sensor to refractive index (∆λ/∆n) can be
characterized using the slope of the line fit to the data. The slope is 345.2, which indicates
that the difference in the peak reflectance wavelength is about 3.4 nm when there is 0.01
refractive index difference between two tested solvent vapors.

Figure 3.12. (a) Optical image of a Bragg mirror showing change in color from orange to
red upon exposure to toluene vapor. (b)The reflectance measurements of one Bragg
mirror in air and different solvent vapors. (c) The reflectance peak position depends
upon the refractive index of the solvents. (d) The reflectance peak position of a Bragg
mirror in air and toluene vapor over six cycles.
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As this method did not require elevated temperatures, it is suitable for the
fabrication of Bragg mirrors on flexible PET substrates. However, it is known that PET can
be degraded and discolored by extended UV exposure. Here, a control experiment was
conducted by exposing a bare PET substrate to the same UV source used to fabricate
Bragg mirror. The UV exposure duration was 20 hours, which was the same as used for
fabricating a twelve-layer Bragg mirror. The reflectance and color of the UV-exposed PET
did not change significantly after UV exposure, which indicated that this mesoporous TiO2
fabrication strategy does not influence the optical properties of the PET substrate (Figure
3.13). Figure 3.14 shows an SEM image of the Bragg mirror on PET. No cracks were
observed in film and the multilayer structure is evident in the SEM image. Figure 3.15
shows the tunable reflectance of the Bragg mirrors deposited on PET substrates by tuning
spin-coating speed of T60 layer (T100 layer was spin-coated at a constant speed of
3000rpm). When the Bragg mirrors were exposed to different solvent vapors, the
reflectance also shift to longer wavelength and the magnitude of the shift increased with
the increase of the refractive index of the solvent vapors, which have the same trend with
those deposited on silicon wafers. The sensitivity of the sensor to the refractive index is
325.5, which is close to that of the sensor fabricated on a silicon substrate. The optical
properties of the Bragg mirrors after bending were also studied. Figure 3.16 indicates that
the transmittance profile didn’t change significantly after bending a mesoporous TiO 2
Bragg mirror over 100 cycles. The technique reported here could be easily extended to
depositing mesoporous TiO2 Bragg mirrors onto ITO coated glass or PET substrates at
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room temperature, with potential applications in photoelectric devices such as dyesensitized solar cells51.

Wavelength (nm)

Figure 3.13. UV-Vis of PET substrate and UV exposed PET substrate

Figure 3.14. SEM image of a mesoporous TiO2 Bragg mirror on PET substrate. Sample
was coated with gold to increase conductivity.
It should be noted that the refractive indices of the tested solvent vapors are not
the only parameters that determine the shift of the reflectance wavelength. The
reflectance wavelength shift also depends on the amount of vapor condensing on the
pore surface and within the pore, which is influenced by many factors including as vapor
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pressure21, environmental humidity52, the properties of the solvent molecules, and
surface energy of the inner pores. In the current study, we mainly focus on studying a
room temperature fabrication method for mesoporous TiO2 Bragg mirrors, which have
shown promise for vapor sensor applications. Quantitative results for single vapor and
mixed vapor systems can be realized though additional analysis and the use of surface
modification to create photonic noses23. These efforts are underway.

Figure 3.15. Reflectance measurements of Bragg mirrors with different colors deposited
on PET substrates. The numbers above the reflectance peaks indicate spin-coating
speed during fabrication of the T60 layer; (b) Reflectance measurements in air and in
different solvent vapors; (c) The reflectance peak shift depends on the refractive index
of the solvents
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Wavelength (nm)

Figure 3.16. Transmittance of a mesoporous TiO2 Bragg mirror on PET before and after
bending for 100 times.
3.4 Conclusions and Future Work
We prepared highly transparent TiO2 hybrid nanocomposite films using
commercially available TiO2 nanoparticles and NOA65 UV curable resin. After sufficient
UV exposure, the organic binders were degraded via photocatalysis of TiO2, resulting in
mesoporous TiO2 thin films. This strategy provides a room-temperature method to
fabricate robust, highly transparent mesoporous TiO2 films with tunable porosity and
refractive index, which are suitable for device fabrication on flexible plastic substrates. By
tuning the TiO2 to organic binder weight ratio, the refractive indices of the mesoporous
films were controlled and the films were used as building blocks for Bragg mirrors. The
obtained Bragg mirrors showed well-defined and intense reflectance on both silicon and
PET substrates. The applications of mesoporous TiO2 films with tunable porosity include
sensors and photoelectric devices. Efforts are underway in characterizing the
electrochemical and photoconductive properties of these mesoporous TiO2 films.
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CHAPTER 4
HYBRID NANOCOMPOSITES AS REFRACTIVE INDEX MATCHING MATERIALS FOR
FABRICATION OF HIGHLY TRANSPARENT LANTHANIDE ION DOPED COMPOSITES
4.1 Introduction
Research on lanthanide ion doped materials is developing rapidly due to their
unique optical properties and wide applications in displays1,2, solid–state lasers2,3,
telecommunications1,4 and biomedical applications5. The selection of host materials for
the lanthanide ion is essential since it can influence the light emitting efficiency and
profile.6 Polymeric materials have been proposed as promising hosts due to the
advantages such as flexibility, low cost and light weight. However, the low solubility of
the lanthanide ion in polymers is one key issue restraining the development of lanthanide
ion doped polymeric materials.7 While organic complexes containing the ions have been
developed to enable solubility, the vibrations of O-H and C-H bonds in these complexes
usually result in strong absorption around 1.5 um, which can quench the optical transition
and decrease the optical efficiency and luminescent lifetime.8,9 One strategy to solve the
problem of polymeric hosts is to develop polymer/nanoparticle nanocomposites.10,11
Lanthanide ion doped inorganic nanoparticles have been developed and show unique and
excellent optical properties.6,12 By simply blending these nanoparticles into polymers,
lanthanide ion doped polymeric nanocomposites can be obtained while avoiding
undesirable quenching effects8. Transmittance is an important optical property for the
nanocomposites. Nanocomposites with high transparency, low-absorption and low
scattering are highly desired especially in long-distance telecommunication applications8.
A rule of thumb for the fabrication of transparent nanoparticle nanocomposites with low
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scattering is that the particle size should be smaller than 1/10th

of the incident

wavelengths (assuming the materials do not absorb light). Rayleigh scattering is the
elastic scattering of light by particles, which can be used as a guide to estimate the
transmittance of a nanocomposite when the particle size is smaller than the incident
wavelength13-17:

,
in which I is the intensity of the transmitted light, I0 is the intensity of the incident light, r
is the radius of the spherical particles, np is the refractive index of the particles, nm is the
refractive index of the polymer matrix, λ is the wavelength of the incident light, ɸp is the
volume fraction of the particles and x is the optical path length. According to this equation,
the transmittance of a nanocomposite decreases exponentially with increased particle
size. Thus, nanoparticles with smaller size will increase the transmittance of the
composites. The science and technology today have allowed the fabrication of extremely
small rare-earth ion doped nanoparticles with controllable size6,18-20, as well as the
fabrication of transparent nanocomposites by different methods such as solution
casting10,21 and in-situ polymerization.15,22,23 However, recent research shows that the
luminescent intensity of the lanthanide ion doped nanoparticles can be size dependent
and also suggests that the luminescent intensity and life time can decrease as the particle
size decreases.24-26 One of the possible reasons is the large surface area of the
nanoparticles. The larger surface area the nanocrystals have, the more surface defects
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and impurities the materials will have to influence the electron transitions.27 In addition,
to disperse the nanoparticles in polymers or monomers and avoid aggregation, surface
modification on the nanoparticles is usually needed, which could also influence the
optical properties.24,28
In the Rayleigh scattering equation, another parameter that can determine the
transmittance of the nanocomposites is the ratio between the refractive index of
𝑛𝑝

nanoparticles and polymer matrix (𝑛 ) . The smaller the refractive index mismatch
𝑚

between the matrix and the particles, the less significant the transmittance due to
scattering as the particle size and the wavelength of light increase. The equation also
𝑛𝑝

suggests that when the refractive index mismatch is zero (𝑛 = 1), the scattering loss
𝑚

becomes zero and the transmittance is independent on the nanoparticles size as well as
the wavelengths. With this principle of “refractive index matching”, transparent
nanocomposites can be fabricated. For example, Riman’s group has demonstrated that
polystyrene (PS)/CeF3:Yb-Er nanocomposites have higher transmittance than poly methyl
methacrylate (PMMA)/ CeF3:Yb-Er nanocomposites when the sizes and loadings of the
particles are identical in the two different nanocomposites.21 They demonstrated that
the transmittance difference resulted from the different refractive index mismatching
(0.03 between PS and NP, and 0.12 between PMMA and NP). The research also indicated
that when the refractive index mismatch was lower, high transmittance could be achieved
more easily when the loading of the nanoparticles was high. In another publication, a
calculation based on the Rayleigh scattering shows that when the particle size is above 50
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nm, the refractive index mismatch between the particles and the matrix needs to be
below 0.008 to keep the scattering loss at 0.1dB/cm.8 This result indicates that to achieve
highly transparent nanocomposites, the refractive index of the matrix needs to be
controlled precisely to match that of the nanoparticles when there exist large particles or
particle aggregates. The refractive index of polymers can be controlled by the molecular
weight and the chemical structures of the repeating units. It has been proven that by
blending and copolymerization, the refractive index of polymers such as acrylates,
polyimides and olefins can be tuned with an accuracy of less than 0.0001.29 The refractive
indices of these polymers usually range from 1.30 to 1.60, which can limit the
employment of polymers as refractive index matching materials for particles with higher
refractive indices. However, recently polymers with refractive indices higher than 1.60
have been reported. Sulfur, halogens, phosphorus and other functional groups have been
introduced into polymers to increase the refractive index to above 1.70-1.80.30 However,
the absorption and low transmittance in these polymers limit their applications in optical
devices. In addition, precise tuning of the refractive index of these polymers has not been
shown. A different strategy used to surpass he limit and fabricate high refractive index
polymeric materials is to blend high index inorganic elements into the polymers. Some
commonly used inorganic materials such as TiO2 (anatase, nD = 2.45, rutile, nD = 2.70),
ZrO2 (nD = 2.10), and silicon (nD = 4.23) have much higher refractive index than polymers.
By dispersing these high index inorganic elements into the polymers homogeneously, the
refractive index of the polymers can be increased to above 1.60 and refractive index
tuning can be achieved by controlling the loading of these nanoparticles.17 Different
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techniques have been reported to fabricate high refractive index polymer
nanocomposites such as sol-gel methods, in-situ formation of nanoparticles in polymer
matrix, ex-situ nanoparticles synthesis/blending and in-situ polymerization with
nanoparticles.14,17
In this chapter, it is proved for the first time that hybrid nanocomposites can be
used as refractive index matching materials to fabricate highly transparent rare-earth ion
doped nanoparticle containing composites. A transparent hybrid nanocomposite
containing La0.92Yb0.075Er0.005F3 was fabricated as a prototype. Among the various rare
earth ions, trivalent erbium ions (Er3+) are of specific interest for their 1550 nm infrared
which is very important in optical communications. They also have up-conversion
emission of visible light via co-doping with ytterbium (Yb). Due to their unique optical
properties, Er3+ doped materials have been widely used in lasers and optical
communications. The nanoparticles used here were provide by Riman’s group. The
average size of the La0.92Yb0.075Er0.005F3 nanoparticles is around 50 to 70 nm. Since the
surface of these nanoparticles were not modified, they formed large aggregates within
the polymers. The refractive index of the nanoparticles is around 1.61, which leads to a
large refractive index mismatch with the UV-crosslinkable polymer matrix. Small ZrO2
nanoparticles with size around 6 to 8 nm were employed as refractive index modifiers for
the polymer matrix. The surfaces of these ZrO2 nanoparticles are engineered to increase
the compatibility between the nanoparticles and the polymer matrix to form
homogeneous nanoparticle dispersions. The effective refractive index of the homogenous
ZrO2/polymer composites the refractive index can be tuned from 1.49 to above 1.70 by
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controlling the ZrO2 loading. By precisely tuning the ZrO2 loading in the polymer matrix,
the refractive index of the hybrid nanocomposites can be matched with that of the
La0.92Yb0.075Er0.005F3 nanoparticles. Highly transparent nanocomposites can be synthetized
by in-situ polymerization method. The nanocomposites can maintain good transparency
with 30 vol% La0.92Yb0.075Er0.005F3 loading. We proved that the increase of transmittance
by adding ZrO2 nanoparticles mainly results from the decrease of scattering by measuring
haze of the nanocomposite films. The lifetime measurement indicates that the
ZrO2/polymer nanocomposites do not influence the inner electron structures and
transition of the La0.92Yb0.075Er0.005F3 nanoparticles. With this strategy, an optical
waveguide amplifier can be fabricated using soft imprint method.

Figure 4.1. Schematic diagram of using polymer/nanoparticle nanocomposites as
refractive index matching materials to achieve highly transparent composites.
4.2 Experiments
4.2.1 Materials
CN551 (an amine modified polyether acrylate oligomer) was donated by Sartomer;
photoinitiator IRGACURE 819 was purchased from BASF; propylene glycol monomethyl
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ether acetate (PGMEA) was purchased from Sigma-Aldrich; zirconium dioxide (ZrO2)
nanoparticles dispersed in PGMEA were purchased from Pixelligent; La0.92Yb0.075Er0.005F3
nanoparticles were synthetized by Riman’s group. Poly (methyl methacrylate) (PMMA)
(molecular weight 3k, 10k, 20k) was purchased from Polymer Source.
4.2.2 Sample Preparation
Calculated amounts of CN551, ZrO2, IRGACURE 819 and La0.92Yb0.075Er0.005F3 were
blended into PGMEA solvent. The weight of IRGACURE 819 was fixed at 2 wt% of the
weight of CN551 resins in each sample. The mixtures were then sonicated for 2 min using
a Qsonica probe sonicator until there was no solid precipitation on the bottom of the vial.
The suspensions were cloudy and milk-white due to the aggregates of La0.92Yb0.075Er0.005F3
nanoparticles. Then the obtained solutions were drop-cast onto glass slides as soon as
possible to avoid precipitation. These samples were then kept on a 40 ℃ hot plate to
evaporate solvents for 12 hours. Then the samples were held under vacuum for 10
minutes to prevent void formation in the samples. Finally, the samples were cross-linked
using a XENON RC-500 pulsed UV curing system with a dose of 8J/cm2. For the refractive
index measurement, solutions of ZrO2, IRGACURE 819 and CN551 were spin-coated onto
silicon wafers.
4.2.3 Characterization
The refractive indices of the ZrO2/CN551 nanocomposites were measured using a
spectroscopic ellipsometer (RC2 with the NIR extension, J.A.Woollam Inc., Co.) and
analyzed using the CompleteEASE software (J.A.Woollam Inc., Co.). The data was
collected in the wavelength range of 193-1690 nm, using incident angle from 55 to 70o
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with step of 5o. The data was fitted using the Cauchy model with selected wavelength
from 400 to 1690 nm to obtain film thickness and refractive index. The data fitting with
Cauchy model is reasonable for our materials since the films are transparent and has
minimum absorption over the selected wavelength range.
The transmittance spectra of coatings on glass slides and bare slides were obtained using
a PerkinElmer Lambda 1050 UV-Vis-NIR spectrometer. The direct transmittance spectra
data was collected from 380 nm to 1200 nm with a resolution of 5 nm.
The haze was measured using a PerkinElmer Lambda 1050 UV-Vis-NIR spectrometer
equipped with an integrating sphere. The procedure is described in the ASTM 1003-92
“Standard Method for Haze and Luminous Transmittance of Transparent Plastics”.31 Four
transmission scans of the sample from 780 to 380 nm with different measurement
configurations were used, as shown in Figure 4.1. The area under each curve was
integrated, and then the haze was calculated according to the following equation:
Haze = [(T4/T2) - (T3/T1)] x 100%,
where T1 through T4 are the integrated values of spectra obtained from different
measurement configurations.
Field emission scanning electron microscopy (FESEM) was performed on a FEI
Magellan FESEM.
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Figure 4.2. Four different measurement configurations for haze measurements using
UV-Visible spectrometry equipped with an integrating sphere.
4.3 Results and Discussions
To utilize the polymer/nanoparticle nanocomposites as the refractive index
matching materials, the hybrid nanocomposites have to be homogenous and transparent.
However, fabrication of transparent nanocomposites alone is a challenge. The
nanoparticles can form large aggregates to decrease the surface energy, which will
decrease the transmittance significantly by generating strong scattering. Surface
modification of nanoparticles is a well-known method to stabilize the nanoparticles in
solvents and polymer matrixes and avoid aggregation. By optimizing the ligands,
nanocomposites with high nanoparticle loading and high optical transmittance can be
achieved. Here, ZrO2 nanoparticles dispersed in PGMEA provided by Pixelligent were used
to tune the refractive index of the polymer nanocomposites. ZrO2 is a semiconductor that
does not absorb light in broad visible and IR region. The surface of the nanoparticles are
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modified with organic ligands to increase the compatibility between the nanoparticles
and acrylic-based polymers and monomers. The loading of the ZrO2 nanoparticles in the
polymer matrixes can be above 80 wt% without inducing macro-phase separation and
aggregation. Poly (methyl methacrylate) (PMMA)/ZrO2 was used initially as a model
system to study the optical properties of the nanocomposites. Nanocomposite thin films
containing PMMA (molecular weight Mn=3k) with different nanoparticles loadings were
deposited onto silicon wafers using spin-coating technique. The refractive indices of the
thin films were measured using ellipsometry. As Figure 4.3 shows, the refractive indices
of the polymer composites increased as the nanoparticle loading increased, which is
consistent with effective medium theory (See Chapter 1). The refractive index value at
600 nm can be increased from 1. 475 to 1.677 by 80 wt% ZrO2 loading.

Figure 4.3. Refractive index of PMMA/ZrO2 nanocomposite with different nanoparticle
loadings. The legend indicates the weight percent of the nanoparticles in the
nanocomposites.
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The molecular weight of the PMMA also affects the optical properties of the
obtained nanocomposites. PMMA linear polymers with different molecular weights (3k,
10k and 20k) were blended with the ZrO2 nanoparticles in PGMEA respectively, and then
cast onto glass slides to form nanocomposite sheets after the solvent evaporated. The
loading of the ZrO2 nanoparticles was 50 wt% in all of the composites. The thickness of
the formed sheets were controlled to be around 50 μm. It is found that during solvent
evaporation, the solutions containing 10k and 20k PMMA became cloudy, and resulted in
translucent or opaque. On the other hand, the solution containing 3k PMMA was clear
during the solvent evaporation, and highly transparent nanocomposite film can be
obtained. This phenomenon can be explained by flocculation mechanism32. The polymer
chains can be absorbed onto the surfaces of nanoparticles in solution. During solvent
evaporation, the polymer chains can bridge two or more particles to form aggregates and
then precipitate. Longer polymer chains have a higher probability of forming bridges
among the nanoparticles and of forming aggregates during the solution concentrating,
which is consistent with our observations.
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Figure 4.4. PMMA/ZrO2 nanocomposites containing 3k PMMA (left) and 10k PMMA
(right). The loading of the nanoparticles was 50 wt% in both cases.
One drawback of this PMMA nanocomposites is that they form cracks easily due
to the relatively small PMMA molecular weight and high nanoparticles loading. To solve
this problem, in-situ polymerization method is used to fabricate cross-linked
nanocomposites. In-situ polymerization methods have been widely used to synthetize
highly transparent nanocomposites in bulk.14,22,23 CN551 from Sartomer was used here as
the polymer matrix in the in-situ polymerization. It is a highly reactive amine modified
polyetheracrylate oligomer, which generates less shrinkage than the common monomers
used in polymerizations. Blending with a photoinitiator, the CN551 resin can be
polymerized under UV light. Figure 4.5 shows the refractive index of the ZrO2/CN551
nanocomposites with different nanoparticle loadings after UV curing. The refractive index
at 600 nm can be increased to 1.680 when the nanoparticle loading is increased to 80
wt%. The refractive index value of La0.92Yb0.075Er0.005F3 crystal is 1.604 at 600 nm
wavelength33, which is within the refractive index tuning range. When the ZrO2 loading in
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CN551 is 50 wt%, the refractive index value has the best match with the value of
La0.92Yb0.075Er0.005F3.

Figure 4.5. Refractive index of CN551/ZrO2 composites with different nanoparticle
loadings.
The La0.92Yb0.075Er0.005F3 nanoparticles were provided by Riman’s group. The X-Ray
Diffraction (XRD) result indicates the successful synthesis of the nanocrystals (Figure 4.6).
An emission spectrum (Figure 4.7) was also obtained from the particles under 980 nm
laser. The spectra suggests that the particles emit not only IR light around 1550 nm, but
also green light via up-conversions.
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Figure 4.6. XRD profile of the La0.92Yb0.075Er0.005F3 nanoparticles

Figure 4.7. Emitting spectra of the La0.92Yb0.075Er0.005F3 nanocrystals under 980 nm
excitation.
The La0.92Yb0.075Er0.005F3 nanoparticles were then blended with CN551/ZrO2
composites in PGMEA and then cast onto glass substrates (See Experimental Section).
With photoinitiators and UV radiation, La0.92Yb0.075Er0.005F3/CN551/ZrO2 composites can
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be fabricated by the in-situ polymerization method. Figure.4.8 shows the SEM images of
La0.92Yb0.075Er0.005F3 nanoparticles cast from PGMEA solutions and the cross-sections of
the La0.92Yb0.075Er0.005F3/CN551 nanocomposites with different La0.92Yb0.075Er0.005F3
loadings. The nanocrystal size is around 50 to 70 nm, estimated from the SEM image.
From the SEM images, large aggregates were formed within the polymer matrix. As the
particle loading increased, the aggregation became worse. These aggregates generate
strong scattering especially in visible light region, and decrease the transmittance of the
composite films significantly, which is not desirable in many optical applications.
5vol%

LaF3 particles

30vol%

15vol%

Figure 4.8.SEM images of CN551/ La0.92Yb0.075Er0.005F3 nanocomposites with different
loading of La0.92Yb0.075Er0.005F3 nanoparticles.
To decrease the scattering, the ZrO2 nanoparticles were blended into the system to
achieve the refractive index matching between the ZrO2/CN551 matrix and the
La0.92Yb0.075Er0.005F3

nanocrystals.

La0.92Yb0.075Er0.005F3/CN551/ZrO2
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nanocomposites

sheets containing 5 vol% La0.92Yb0.075Er0.005F3 were obtained by drop-casting. Table 4.1
shows the composition of each of the composites. The film thicknesses were around 20
μm. Transmittance values of these films were measured using a UV-Visible spectrometer.
Here the loading of ZrO2 nanoparticles refers to the ZrO2 loading in the hybrid CN551/ZrO2
refractive index matching matrix. From Figure 4.9 (a), as the loading of ZrO2 nanoparticles
increased from 0 wt% to 50 wt%, the transmittance increased significantly from below 70%
to above 89%. When the loading of ZrO2 was increased further, the transmittance
decreased. This observation can be explained by the Rayleigh scattering. As has been
shown in Figure 4.5, when the loading of ZrO2 was less than 50 wt%, the refractive index
value of the hybrid composite was lower than that of La0.92Yb0.075Er0.005F3. When the ZrO2
loading was increased, the refractive index of the composite increased, resulting in a
better refractive index match between the matrix and the La0.92Yb0.075Er0.005F3 crystals.
From the Rayleigh scattering equation, the scattering loss was decreased. When the
loading of ZrO2 nanoparticles reached 50 wt%, the minimum refractive index mismatch
resulted in the highest transmittance. Then with the increase of the ZrO2 loading, the
refractive index of the matrix became higher than that of the La0.92Yb0.075Er0.005F3 particles,
and the refractive index match became worse, which resulted in decreased transmittance
and increased scattering. The Figure 4.9 (b) shows the transmittance values of different
composites at 500 nm and 1000 nm. For the same composite, the transmittance value at
500 nm was lower than that in 1000 nm. In addition, the results indicate that the
difference of the transmittance at different wavelengths became smaller when the
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refractive index match was better. These experimental observations are all consistent
with the Rayleigh scattering equation.

Table 4.1. Contents of different components in the composites
A

B

C

D

E

F

G

La0.92Yb0.075Er0.005F3 (vol%)

5

5

5

5

5

5

5

ZrO2 (vol%)

0

2.1

4.6

7.6

11.3

16.0

22.1

CN551 (vol%)

95

92.9

90.4

87.4

83.7

79.0

72.9

ZrO2 (wt%)

0

20

40

50

60

70

80

Figure 4.9. (a) Direct transmittance of La0.92Yb0.075Er0.005F3/CN551/ZrO2 composites; the
volume percent of La0.92Yb0.075Er0.005F3 is 5; the number in the box indicates the weight
percent of ZrO2 nanoparticles in CN551/ZrO2 matrix; (b) Direct transmittance values of
composites with different ZrO2 loading at 500 nm and 1000 nm wavelength .
Haze, which is a quantity used to characterize the scattering of materials, is also
measured for the La0.92Yb0.075Er0.005F3/CN551/ZrO2 nanocomposites. The measurement
and calculation of haze have been presented in the Experimental Section. Figure 4.10
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shows the haze values of these films. The haze decreased at first with the increase of the
ZrO2 nanoparticle loading, and reached a minimum value when the loading of ZrO2
reached 50 wt%. Then the haze increased with the increase of ZrO2 loading above 50 wt%.
This variation is consistent with the transmittance measurement of the nanocomposites,
which indicates that the scattering is the main cause of the transmittance loss in the
composites. As the figure shows, the haze has been decreased significantly from 17.4% to
below 0.8% using the ZrO2/CN551 composites as the refractive index matching matrix.
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ZrO2 Weight% in CN551/ZrO2 matrix

Figure 4.10. Haze of the nanocomposites with different ZrO2 in the refractive index
matrix.
Another factor that can affect the transmittance of the composite films is
reflectance. To further prove that in this particular system, the transmittance variation
mainly results from the light scattering instead of the reflectance, the reflectance of the
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samples were measured using UV-Visible spectrometer. The incident angle of the
reflectance measurement is 0o. Figure 4.11 shows the total reflectance measurement
results of the composites films. The reflectance of the films in IR region increased as the
ZrO2 loading increased, which is not consistent with the transmittance measurement. The
increased reflectance results from the increased refractive index mismatch between the
air and the composites when the ZrO2 loading was increased. Furthermore, the difference
of the reflectance values among the different composites were lower than 5%, which is
low compared with transmittance difference. Thus, the reflectance is not the main factor
causing the loss in the transmittance of the nanocomposites.

Figure 4.11. Reflectance of the composites with 5 vol% La0.92Yb0.075Er0.005F3 with matrix
with different ZrO2 loadings.
The same strategy of using nanocomposites as refractive index matching materials can be
applied in composites with higher La0.92Yb0.075Er0.005F3 loadings. Figure. 4.12 shows the
transmittance spectra and the transmittance values in 500 nm and 1000 nm wavelength
of different composites. The transmittance exhibits the same variation trend with the
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composites

containing

5

vol%

La0.92Yb0.075Er0.005F3.

However,

when

the

La0.92Yb0.075Er0.005F3 loading was increased to 40 vol%, it has been observed that the
particles precipitated out to the surface of the films and generated white, opaque films,
which suggests there exists a solids loading limit for the system.
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Figure 4.12. Transmittance measurement of composites with 15 vol% (a) and 30 vol%
(b) La0.92Yb0.075Er0.005F3 particles
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Figure 4.13. Phase separation occurred when the loading of the La0.92Yb0.075Er0.005F3
arrived at 40 vol%. The loading of ZrO2 nanoparticle was 0wt%, 20wt%, 40wt% and
50wt% respectively, from left to right.
4.4 Conclusions and Future Work
Polymer nanocomposites containing La0.92Yb0.075Er0.005F3 nanocrystals were
fabricated using an in-situ polymerization method. The La0.92Yb0.075Er0.005F3 nanoparticles
aggregated within the polymer matrix, generating strong scattering and decreasing the
transmittance significantly. By blending small-sized, well-dispersed ZrO2 into the polymers,
the polymer/ZrO2 hybrid composites form an optically homogeneous medium, and the
effective refractive index of the polymer/ZrO2 composite can be tuned precisely. The
polymer/ZrO2 hybrid composites can be used as the matrix of the La0.92Yb0.075Er0.005F3
nanoparticles, and when the refractive index of the ZrO2 composites was adjusted to
obtain the best match with the refractive index of the La0.92Yb0.075Er0.005F3 nanocrystals,
highly transparent composites can be achieved by simply mixing the three components
together in solvent and casting onto substrates. This is the first demostration of the
employment of hybrid nanocomposites as the refractive index matching medium to
fabricate transparent composites.
One of the potential applications of this system is fabrication of optical amplifier.
An optical amplifier is an optical device that can amplify an optical signal directly (Figure
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4.14). One widely used optical amplifier is the erbium-doped amplifier. The amplifier
contains doped erbium ions, which can be efficiently pumped under 980 nm wavelength
light and generate optical gain around 1550 nm, which is an important region in
telecommunications. The geometry of the amplifiers can be planar or waveguide gratings.
With the employment of the CN551/ZrO2/ La0.92Yb0.075Er0.005F3 system, grating structures
can be easily printed by soft imprint lithography (Figure 4.15). The characterization of the
performance of the imprinted devices will be an important future work.

Figure 4.14. Schematic diagram of the mechanism of an optical amplifier.

Figure 4.15. (a) Imprint the optical amplifier using soft imprint lithography, (b) SEM
images of the imprinted optical waveguide amplifiers
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CHAPTER 5
ADDITIVE DRIVEN SELF ASSEMBLY AND PHOTO-INDUCED ORDERING IN POLY
(ETHYLENE GLYCOL) MONOMETHYL ETHER MONOMETHACRYLATE-BLOCK-POLY
(ETHYL METHACRYLATE) COPOLYMERS
5.1 Introduction
Block copolymers (BCPs) can form periodically arranged structures on the
nanoscale by self-assembly1,2 and BCP films with well-ordered structures have found
important applications in nanotechnology applications3,4 such as nanotemplating,5-7
nanoporous membranes,8,9 organic optoelectronics,10 and photonic crystals11-13. These
applications require good block copolymer domain order and alignment in BCP films. In
order to improve ordering and alignment of BCP films, many methods have been
previously studied, such as modification of substrate with random copolymers 14 or selfassembled monolayers15, using a patterned substrate16, solvent annealing17, and
treatment with external fields18,19.
When the segregation strength between different blocks is not high enough, block
copolymers will remain in a disordered state. It has been shown that the addition of
certain additives, which interact selectively with one domain of BCPs, can increase
segregation between the two blocks and thus induce ordering and alter the domain size
and morphology20-26. Hydrogen bonding interaction has been commonly used to achieve
assembly between additives and block copolymers25,27,28. Watkins group has
demonstrated that adding homopolymers23, ionic liquid24, nanoparticles29,30, and small
molecules31 which selectively interact with the PEO domain of disordered Pluronic
triblock copolymer surfactants (poly(ethylene oxide)-b-poly(propylene oxide)-bpoly(ethylene oxide), PEO-PPO-PEO) through hydrogen bonding will result in strong order
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and can access an order-to-order transition when certain amounts of the additives are
loaded.
With the additive-driven strategy, it is possible to tailor a specific functionality in
a block copolymer via simply blending additives. Light responsivity is an interesting
property and light responsive block copolymers have attracted a lot of attention because
light exposure can be easily controlled, adjusted, and localized in time and space when
processing32. Photo-controllable block copolymer morphology and alignment has found
important applications in lithography6,33,34. The isomerization of azobenzene groups is
commonly used to change the morphology and control the alignment of block copolymer
domains in thin films35,36. For example, in Ikeda’s group work, the realignment of the
cylindrical morphology in PEO-b-PAz block copolymer thin films is observed after UV
exposure and annealing37. In Seki’s group, a sharp transition was observed between the
parallel and the perpendicular PS cylindrical regions after the thin film was exposed to
linearly polarized light (LPL) and treated with thermal annealing38. In contrast to these
works in which the photo-responsive group was chemically attached to block copolymer,
Watkins’ group developed a strategy which employed additives as photoresponsive units.
In one work, a photo acid generator and a molecular glass protected with tertbutoxycarbonylmethyl groups (MG-TBCM) were added into a disordered Pluronic F127
block copolymer and spin-coated into a thin film on a silicon substrate39. Upon UV
exposure, acid was generated by the photo acid. After baking at a moderate temperature,
TBCM groups were deprotected by the acid and carboxylic acid groups were formed.
Carboxylic acid groups interacted strongly with the PEO domain and induced a disorder-
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to-order transition (DOT). Moreover, with the aid of a photomask, photo-induced
ordering can be region-selective. Another work in the same group used a similar strategy
in a system comprised of poly(ethylene oxide-block-tert-butyl acrylate) (PEO-b-PtBA),
tartaric acid and a photo acid generator40. The hydrogen bonding between tartaric acid
and PEO strongly increased the phase separation and caused the system to order. After
UV radiation, photo acid was generated and PtBA was converted into poly acrylate acid
(PAA). PAA is compatible with PEO and tartaric acid, which drove the system into a phase
mixed system. In this way, order-to-disorder transition (ODT) was achieved. However, in
both works PEO crystallization is not suppressed at low or zero additive loading. This
would result in film roughness and haze, which could limit thin film applications.
In this work we report a new system for the photo-induced ordering of a block
copolymer. Poly [poly (ethylene glycol) monomethyl ether monomethacrylate]-blockpoly(ethyl methacrylate) (PPEGMEMA-b-PEMA) is an amorphous block copolymer at
room temperature. It bears short ethylene oxide side chains in the PPEGMEMA block (See
Fig.1), in which PEO crystallization is suppressed at room temperature. Poly (ethyl
methacrylate) (PEMA) and PEO blocks have a positive but small Flory-Huggins parameter,
which not only keeps the block copolymer phase mixed when the molecular weight
reaches 40 kg/mol, but also make phase separation possible after loading additives. The
choice of PEMA also gives a higher glass transition than PPO, which can decrease
photoacid diffusion41. The additives used here contain tert-butoxycarbonylmethyl group,
which will be converted into carboxylic acid by acids. Upon UV exposure, the deprotected
additives can interact strongly with the PEO side chain in PPEGMEMA block selectively,
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which will drive phase separation between the two blocks. The area which is unexposed
to UV light is amorphous and smooth, while the UV-exposed region is patterned. In
combination with a photomask, block copolymer thin films containing adjacent, ordered
and disordered domains are expected to be obtained.

Figure 5.1 Left: Schematic diagram of the photo-induced ordering of block copolymers
in reference 39. Right: The AFM images shows the roughness on the surface of the block
copolymer thin films due to the PEO crystals. Reproduced from reference 39.
5.2 Experimental Section
5.2.1 Materials
Ethyl methacrylate, Poly(ethylene glycol) methyl ether methacrylate (average Mn 475
g/mol), 1-cyano-1-methylethyl benzenecarbodithioate, tert-butyl bromoacetate, pToluenesulfonic acid (PTSA), triphenylsulfonium triflate (TPST) and azobisisobutyronitrile
(AIBN) were purchased from Sigma-Aldrich. Benzene-1,2,3,4,5,6-hexacarboxylic acid
(BHCA) or mellitic acid, hexahydroxybenzene (HHB) were purchased from TCI America.
N,N-dimethylformamide (DMF), acetone, hexane, and tetrahydrofuran (THF) were
purchased from Fisher Scientific. Ethyl methacrylate, poly(ethylene glycol) methyl ether
methacrylate were passed through an aluminum oxide column before use to remove the
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inhibitors. AIBN was used after recrystallization. Other reagents and solvents were used
as received.
5.2.2 Synthesis of Poly [poly(ethylene glycol) monomethyl ether monomethacrylate]block-poly(ethyl methacrylate) (PPEGMEMA-b-PEMA)
First, poly ethyl methacrylate macromolecule chain transfer agent (PEMA Macro-CTA)
was prepared. In a typical experiment, a round-bottom flask was charged with ethyl
methacrylate (EMA, 16 mL, 0.128 mol), 1-cyano-1-methylethyl benzenecarbodithioate
(0.0566 mL, 0.293 mmol), AIBN (0.0025 g, 0.0146 mmol). The flask was sealed and purged
for half an hour with nitrogen. After purging, the flask was placed into a 60oC oil bath with
a magnetic stir bar to begin the reaction. The reaction was allowed to run for 16 hours,
then the polymerization was quenched by cooling it in liquid nitrogen quickly and
exposing the reagents to the air. The product was then diluted using THF. The resulting
polymer was purified by precipitating the THF solution into excess hexane (hexane: THF =
10:1, volume ratio). The GPC analysis showed that the PEMA macro-CTA had a number
average molecular weight (Mn) around 15.8K, and PDI of 1.10. The monomer conversion
is about 32%.
Diblock copolymer was also prepared using RAFT method. 400 mg (0.026 mmol)
PEMA macro-CTA, 2.5 ml (5.68 mmol) Poly (ethylene glycol) methyl ether methacrylate,
0.66 mg AIBN were dissolved in 0.4 mL of THF. The reaction vessel was sealed and placed
in an ice water bath and it was purged by nitrogen for twenty minutes. The reaction was
conducted in a 60 oC oil bath for 150 minutes and then quenched by putting the vessel
into liquid nitrogen. The resulting polymers were obtained by precipitating the solution
in excess hexane at least twice. The repeat unit number ratio between the two blocks was
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determined using 1H analysis (400Hz, CDCl3), by integrating the CH2 of PEMA peak at
between 4.0 ppm to 4.2 ppm to integrating the PEGMEMA peak (CH2-CH2-O) at between
3.5 ppm and 3.8 ppm. From NMR 1H analysis the weight ratio between PEMA and
PEGMEMA block was 1: 2.1. Mn was also estimated about 47K form NMR result. The GPC
analysis showed PPEGMEMA-b-PEMA block copolymer had a PDI of 1.13 and Mn about
42K.
5.2.3 Synthesis of tert-butoxycarbonylmethyl-protected hexahydroxybenzene (HHBTBCM)
The procedure of protection of HHB was similar with the method that Ishii and coworkers used42: first, 50 mL DMF and 9.28 g K2CO3 were magnetically stirred at room
temperature and purged for 30 minutes with nitrogen. Then 0.5 g HHB (2.87 mmol) and
18-Crown-6 (0.17 g, 0.64 mmol) were added into the solution and purged with N2 for
another 30 minutes at 75 oC. Then 4.92 g (25.2 mmol) tert-butyl bromoacetate was
dropped into the equilibrated solution slowly over 5 minutes. The suspension was stirred
at 75 oC under reflux for 48 hours. Then the solution was allowed to cool down to room
temperature and was concentrated at reduced pressure. A citric acid aqueous solution (1
M, 200 cm3) was added into the crude product. The obtained solid was filtered, washed
by large amount of water, redissolved in DMF, and precipitated in water again. The
resulting solid HHB-TBCM was dried in a vacuum oven at 75 oC for two days to get about
1 g product (See NMR result in supply information).
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5.2.4 Sample preparing for Small-Angle X-ray Scattering and for Differential Scanning
Calorimetry
Samples of neat PPEGMEMA-b-PEMA block copolymers and the blends including mellitic
acid were prepared by dissolving the appropriate amount of materials in DMF, and placing
them on a 50 oC hot plate until they dissolved completely. Then the solutions were drop
casted on glass slides. The glass slides were kept on a 70 oC hot plate overnight. Most of
the DMF was evaporated during the heating. Then the glass slides were put in a vacuum
oven at 90 oC and annealed for 40 hours.
Samples of PPEGMEMA-b-PEMA/HHB-TBCM composites with and without TPST
were prepared by dissolving the appropriate weight of material into DMF and heating
them on a 50 oC hot plate overnight. The solutions were then drop casted on glass slides.
The glass slides were put on a 75 oC hot plate until most of the solvent evaporated. Then
the samples were exposed with UV light for 10 minutes. In order to complete the acid
deprotection reaction the glass slides were then put into a vacuum oven at 90 oC for 40
hours.
5.2.5 Small-Angle X-ray Scattering (SAXS)
For SAXS, the dried sample was put in the center of a 1 mm thick washer and both of the
sides were sealed by Kapton film. All the SAXS experiments were performed at room
temperature. SAXS was performed using an instrument from Molecular Metrology, Inc. It
impinges a 0.4 nm diameter X-ray beam of wavelength 0.1542 nm produced by a copper
source. The system is evacuated during operation and allows measurement in wave
vector (q) range from 0.06 to 1.6 nm-1. The sample to detector distance was calibrated
using silver behenate standard peak at 1.076 nm-1. A two-dimensional gas-filled wire
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detector was used for collection of scattered X-ray. The raw scattering data were
circularly averaged and plotted as intensity versus q. Arbitrary units were used for
intensity, and the profiles shown have been shifted vertically to avoid overlap.
5.2.6 Differential Scanning Calorimetry (DSC)
Samples weighing from 10 to 15 mg were put into aluminum pans and sealed hermetically.
A TA Instrument Q100 DSC equipped with an RCS cooling system was used to perform the
measurement and nitrogen gas purge with a flow rate of 50 mL/min. All the samples were
heated to 100 oC then cooled to -80 oC to get the same thermal history. The second heat
conducted from -75 oC to 75oC was recorded. All the measurements were done under
nitrogen atmosphere and at a constant cooling and heating rate of 10 oC/min. All the
curves were normalized with respect the weight of block copolymer.
5.2.7 Sample preparing for Atomic Force Microscopy (AFM)
For the thin film samples used for photoinduced ordering, the blends of appropriate
amounts of block copolymer, HHB-TBCM, and TPST were dissolved in acetone to make a
2 wt% solution. The solution was stirred occasionally until they were dissolved completely.
The solutions were filtered through 0.2 μm PTFE filters and spin coated at 3000 rpm on
silica wafers cleaned by oxygen plasma. The wafer was put on a hot plate at 75 oC for 1
minute. The sample was then immediately exposed to 254 nm wavelength UV (4 mW/cm2)
for 40 seconds with or without photomask on top of the wafer. Then the wafer was put
in a vacuum oven for 20 hours at 85 oC. In the end the thin film was taken out from the
oven and using AFM characterized at room temperature. AFM was carried out on a Veeco
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Dimension 3100 scope with a Nanoscope III controller operated in tapping mode to
acquire the phase and height images.
5.2.8 Grazing Incidence Small-Angle X-ray Scattering (GISAXS)
All GISAXS measurements were performed at the G1 station of the Cornell High Energy
Synchrotron Source (CHESS). The wavelength of X-rays used was 1.2500 Å. The incidence
angle was chosen to be above the critical angle of the film under study. The sample-todetector distance was 992.3 mm. The scattered radiation was collected with a twodimensional charge-coupled device (CCD) camera with an image size of 1024 by 1024
pixels.
5.3 Results and Discussion
5.3.1 Additive-driven ordering in PPEGMEMA-b-PEMA block copolymers
First, we prepared PPEGMEMA-b-PEMA block copolymer using reversible
addition-fragmentation chain transfer (RAFT) to achieve block copolymers with narrow
polydispersity and controlled molecular weight (Figure 5.2). The polymerization process
and characterization of the block copolymer has been provided in the Experimental
Section and Figure 5.3. The GPC analysis showed that the PPEGMEMA-b-PEMA block
copolymer had a PDI of 1.13 and Mn about 42000 g/mol. Using 1H analysis (400 Hz, CDCl3),
the weight ratio between PEMA and PEGMEMA can be estimated. The signal for CH2 in
PEMA appeared between 4.0 and 4.2 ppm, and the signal for CH2-CH2-O in PEGMEMA
appeared between 3.5 and 3.8 ppm. From NMR 1H analysis, the weight ratio between
PEMA and PEGMEMA block is about 1: 2.1.
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Figure 5.2. Schematic diagram showing the polymerization of PPEGMEMA-b-PEMA using
RAFT method.

Figure 5.3. NMR and GPC of the PPEGMEMA-b-PEMA
We employed benzene hexacarboxylic acid (or mellitic acid, BHCA) as the additive
to study the thermal and phase segregation behavior of PPEGMEMA-b-PEMA block
copolymer composites. BHCA has previously been used to induce disorder-to-order
transitions through hydrogen bonding interactions with the PEO domains in Pluronic
block copolymers31. Differential scanning calorimetry (DSC) measurements were
performed to study the interaction between the additives and the block copolymer with
115

varied additive content. The numbers above each DSC curve indicate the weight percent
of BHCA in the block copolymer composites. The DSC thermograms here display the
thermal behavior of the BCP composites between -75oC and 75oC (Figure 5.4). The curves
have been normalized by the weight of the block copolymers and shifted to avoid overlap.
As shown in Figure 5.4, neat PPEGMEMA-b-PEMA was characterized by glass transition
temperature of PPEGMEMA block, which was found to be around -65 oC, which is
consistent with glass transition temperature of PEO. No melting peak appears in the
measurements, which indicates that the block copolymer is amorphous at room
temperature. The glass transition temperature was significantly increased, by 56 oC, when
the BHCA loading reached 30 wt%. This can be explained by the interaction between the
additives and polymers. As BHCA was added, the carboxylic acid groups interacted with
the PEO side chains in the PEGMEMA domain selectively through hydrogen bonding. The
strong interaction obstructed the free movement of the side chains, resulting in an
increased glass transition temperature. The glass transition temperature changed slightly
when the loading of BHCA increased from 30 to 40 wt%, indicating that the loading of
BHCA in PEGMEMA domain may have been saturated at 40 wt%.
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Figure 5.4. DSC results of PPEGMEMA-b-PEMA/BHCA composites with 0 wt% to 40wt%
BHCA loading
Small angle X-ray scattering (SAXS) was employed to study the phase segregation
behavior of the neat block copolymer and its blends with BHCA (Figure 5.5). The
measurements were all performed at room temperature. The numbers above the curves
indicate the weight percent of BHCA in the block copolymer composites. From the SAXS
intergrating profiles, the neat PPEGMEMA-b-PEMA block copolymer exhibits a flat curve,
which is typical for disordered block copolymers. This indicates that the segregation
strength is not strong enough between the two blocks to achieve microphase separation.
Adding 20 wt% of BHCA into the block copolymer composites readily induced phase
separation in the block copolymer and increased the ordering, as indicated by the
appearance of a primary scattering peak and a week secondary and third order peak. The
interplanar spacing (d= 2𝜋 /q*) was about 27.5 nm according to the first order peak
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position q*=0.228. When the loading increased to 40 wt%, a saturated loading for the
block copolymer as suggested by DSC result, the SAXS profile still exhibits a well-defined
first order peak, indicating the block copolymer can maintain ordering at such a high
additive loading. At 40 wt% loading of BHCA, the interplanar spacing was increased to
32.7 nm. The SAXS results are consistent with the DSC measurements, which suggest that
the interaction between BHCA and the block copolymer is strong enough to transfer the
amorphous, phase mixed materials into a well- ordered block copolymer system.

Figure 5.5. SAXS profiles of PPEGME-b-PEMA/BHCA composites with different loading of
BHCA
5.3.2 Photo-induced ordering in PPEGMEMA-b-PEMA block copolymers
To achieve photo-induced disorder to order transition (DOT) in block copolymer
thin films, tert-butoxycarbonylmethyl-protected hexahydroxybenzene (HHB-TBCM) was
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synthesized as an acid-sensitive additive (Figure 5.6 and Figure 5.7). The mechanism of
inducing DOT in the block copolymer using the HHB-TBCM is similar to previously
reported method39. HHB-TBCM bears tert-butyl ester protecting groups, which will
generate carboxylic acid groups after they react with acids. Triphenylsulfonium triflate
(TPST) was blended in the composites as photo acid generator which generates acid when
exposed to UV light. We first studied the phase behavior of the block copolymer with and
without the addition of HHB-TBCM and TPST under UV exposure using SAXS. Here 40 wt%
HHB-TBCM was blended in the system to guarantee a sufficient amount of hydrogenbond donor groups after acid de-protecting action. UV light at 265 nm was used to
generate acid from TPST. The drop-casted films were put under UV light for five minutes
to release sufficient acid and all of the samples were annealed at 85 oC in vacuum oven
for 40 hours. As shown in Figure 5.8, composites of the block copolymer with only HHBTBCM or TPST after UV exposure showed very weak and broad scattering signals. This
indicates that the interaction between the PEO in block copolymers and HHB-TBCM or
generated acid is not strong enough to induce strong phase segregation in the system. It
has been shown that acids are able to interact with PEO chains and increase order in
Pluronics block copolymers39, while in this block copolymer, due to a lower Flory-Huggins
parameter between the two blocks, the interaction was too weak to induce any phase
segregation. On the other hand, blending TPST and HHB-TBCM into the block copolymer
at the same time after UV exposure generates a strong, well-defined first order peak in
the SAXS profile. These results indicated that it is the deprotected HHB-TBCM that induces
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the disorder-to-order transition within PPEGMEMA-PEMA, instead of HHB-TBCM or the
generated acid.

Figure 5.6. Synthesis of HHB-TBCM and its deprotection by acid.

Figure 5.7. NMR Spectra of synthetized HHB-TBCM molecules.
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Figure 5.8. SAXS results of PPEGMEMA-b-PEMA/TPST after UV exposure (a),
PPEGMEMA-b-PEMA/HHB-TBCM composites (b) and PPEGMEMA-b-PEMA/HHBTBCM/TPST composites after UV exposure (c)
As suggested by the SAXS result, 40 wt% HHB-TBCM was mixed with the block
copolymer in acetone to obtain a 2 wt% solution. 5 wt% of TPST, with respect to the total
weight of block copolymer/HHB-TBCM, was also dissolved into the solution. The materials
were spin coated on clean silicon wafers at 3000 rpm to achieve 70-80 nm thin films. We
used AFM to study the surface morphology of the thin films (Figure 5.9). Without UVradiation, the film shows a smooth and flat surface in both height and phase images, due
to the absence of PEO crystals in the PPEGMEMA block. No evidence of phase separation
was shown from the AMF images (Figure 5.9 (a)), which is consistent with the SAXS results.
Then a UV lamp with 4mW/cm2 was used as UV source. Typical exposure time was 40 s.
Upon UV exposure at 254 nm wavelength, TPSA generates a strong acid to cleave the
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leaving group and turns HHB-TBCM into HHB-COOH, which induces the phase separation.
From the AFM image (Figure 5.9 (b)), arrays of dots were observed on the surface after
UV exposure and annealing, which suggested that disorder-to-order transition occurred
in the thin film. The pattern was shown in both height and phase image, proving that both
chemical and topological patterns were photo-induced. GISAXS was also employed to
confirm the DOT and the morphology of the thin films (Figure 5.9 (c)-(f)). Without a UV
dose, GISAXS results do not show any scattering signal, which indicates that the system
was disordered. After UV exposure, a clear scattering peak arises in the GISAXS profile,
suggesting a disorder to order transition has occurred, induced by UV dose. By indexing
the high order peaks in the integrating profile of GISAXS data (Figure 5.9 (f)), it can be
concluded that the morphology of the ordered thin film was cylindrical, which is
consistent with the AFM image and SAXS data.
When a photomask was put on the thin films during UV exposure, a pattern with
adjacent disordered and ordered areas was found using AFM (Figure 5.10). Such
boundary has not been observed in the previously reported photo-induced ordering in
F127 Pluronics block copolymer thin film39. The large crystals of PEO (usually in micron
meter size) and diffusion of photo acid could have eliminated the boundary and suppress
the formation of sub-micrometer patterns. In contrast with the previous work, the block
copolymer has an amorphous PEO domain, and also PEMA has a higher glass transition
temperature than PPO in F127. The high glass transition temperature of PEMA and the
enhanced glass transition temperature of PPEGMEMA can decrease the chain
rearrangement or segmental motion of the polymers to slow the photoacid diffusion into
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the unexposured area41, which can aid the formation of patterned block copolymer thin
films with clear and smooth boundaries. This result suggests potential applications for
formation of high resolution of sub-micrometer, hierarchical patterns through
lithography33,34.

Figure 5.9. AFM height (left) and phase (right) image of PPEGMEMA-b-PEMA/HHBTBCM/TPST thin film without UV radiation (a), AFM height (left) and phase (right) image
of PPEGMEMA-b-PEMA/HHB-TBCM/TPST thin film with UV radiation (b), GISAXS result
of PPEGMEMA-b-PEMA/HHB-TBCM/TPST thin film without UV radiation (c) GISAXS
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result of PPEGMEMA-b-PEMA/HHB-TBCM/TPST thin film with UV radiation (d), and the
integrating of the GISAXS profiles with (e) and without UV dose (f).

Figure 5.10.AFM height (left) and phase image (right) of a patterned area in a
PPEGMEMA-b-PEMA block copolymer thin film using photomask.
5.4 Conclusions
In this paper, PEGMEMA-b-PEMA block copolymer was synthesized using RAFT
method. Mellitic acid, which bears carboxylic acid groups as hydrogen bonding donors,
can induce a disorder to order transition in this otherwise phase-mixed block copolymer.
The additives strongly interacted with the amorphous PEO side chains in the PEGMEMA
block through hydrogen bonding, which also increased the Tg of this block. The
amorphous PEO provided a smooth film and the possibility of a clear boundary between
ordered and disordered areas. By blending PAG and TBCM-bearing additives into the
block copolymer and selectively exposing regions to UV light, region-selective photoinduced ordering of the disordered polymer thin film was achieved.
This project showed that the strategy of photo-induced ordering through blending
PAG and other additives into block copolymers can be used with our amorphous PEO-
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containing block copolymers. As mentioned in our previous paper,26 this strategy could
allow for different wavelengths of UV to pattern the material if different PAGs were
employed, which was an advantage over chemical grafting of photo-responsive moieties
on block copolymers. These two advantages give the system particular value in
applications such as patterning block copolymers.

125

5.5 Reference
(1)

Leibler, L. Macromolecules 1980, 13, 1602.

(2)

Bates, F. S.; Fredrickson, G. H. Annu. Rev. Phys. Chem. 1990, 41, 525.

(3)

Park, C.; Yoon, J.; Thomas, E. L. Polymer 2003, 44, 6725.

(4)

Fasolka, M. J.; Mayes, A. M. Annual Review of Materials Research 2001,

31, 323.
(5)

Cheng, J. Y.; Mayes, A. M.; Ross, C. A. Nat Mater 2004, 3, 823.

(6)

Park, M.; Harrison, C.; Chaikin, P. M.; Register, R. A.; Adamson, D. H.

Science 1997, 276, 1401.
(7)

Ryoo, R.; Ko, C. H.; Kruk, M.; Antochshuk, V.; Jaroniec, M. The Journal of

Physical Chemistry B 2000, 104, 11465.
(8)

Yang, S. Y.; Park, J.; Yoon, J.; Ree, M.; Jang, S. K.; Kim, J. K. Adv. Funct.

Mater. 2008, 18, 1371.
(9)

Phillip, W. A.; O’Neill, B.; Rodwogin, M.; Hillmyer, M. A.; Cussler, E. L. ACS

Applied Materials & Interfaces 2010, 2, 847.
(10)

Segalman, R. A.; McCulloch, B.; Kirmayer, S.; Urban, J. J. Macromolecules

2009, 42, 9205.
(11)

Sveinbjörnsson, B. R.; Weitekamp, R. A.; Miyake, G. M.; Xia, Y.; Atwater,

H. A.; Grubbs, R. H. Proceedings of the National Academy of Sciences 2012, 109, 14332.
(12)

Lim, H. S.; Lee, J.-H.; Walish, J. J.; Thomas, E. L. ACS Nano 2012, 6, 8933.

(13)

Song, D.-P.; Li, C.; Colella, N. S.; Lu, X.; Lee, J.-H.; Watkins, J. J. Advanced

Optical Materials 2015, n/a.

126

(14)

Huang, E.; Russell, T. P.; Harrison, C.; Chaikin, P. M.; Register, R. A.;

Hawker, C. J.; Mays, J. Macromolecules 1998, 31, 7641.
(15)

Heier, J.; Kramer, E. J.; Walheim, S.; Krausch, G. Macromolecules 1997,

30, 6610.
(16)

Ouk Kim, S.; Solak, H. H.; Stoykovich, M. P.; Ferrier, N. J.; de Pablo, J. J.;

Nealey, P. F. Nature 2003, 424, 411.
(17)

Bang, J.; Kim, S. H.; Drockenmuller, E.; Misner, M. J.; Russell, T. P.;

Hawker, C. J. J. Am. Chem. Soc. 2006, 128, 7622.
(18)

Schaffer, E.; Thurn-Albrecht, T.; Russell, T. P.; Steiner, U. Nature 2000,

403, 874.
(19)

Kim, S. Y.; Nunns, A.; Gwyther, J.; Davis, R. L.; Manners, I.; Chaikin, P. M.;

Register, R. A. Nano Letters 2014, 14, 5698.
(20)

Chen, J.; Frisbie, C. D.; Bates, F. S. The Journal of Physical Chemistry C

2009, 113, 3903.
(21)

Epps, T. H.; Bailey, T. S.; Waletzko, R.; Bates, F. S. Macromolecules 2003,

36, 2873.
(22)

Kim, S. H.; Misner, M. J.; Yang, L.; Gang, O.; Ocko, B. M.; Russell, T. P.

Macromolecules 2006, 39, 8473.
(23)

Tirumala, V. R.; Daga, V.; Bosse, A. W.; Romang, A.; Ilavsky, J.; Lin, E. K.;

Watkins, J. J. Macromolecules 2008, 41, 7978.
(24)

Miranda, D. F.; Versek, C.; Tuominen, M. T.; Russell, T. P.; Watkins, J. J.

Macromolecules 2013, 46, 9313.

127

(25)

Tung, S.-H.; Kalarickal, N. C.; Mays, J. W.; Xu, T. Macromolecules 2008, 41,

(26)

Hagaman, D.; Enright, T. P.; Sidorenko, A. Macromolecules 2012, 45, 275.

(27)

Valkama, S.; Ruotsalainen, T.; Nykänen, A.; Laiho, A.; Kosonen, H.; ten

6453.

Brinke, G.; Ikkala, O.; Ruokolainen, J. Macromolecules 2006, 39, 9327.
(28)

Ikkala, O.; ten Brinke, G. Chem. Commun. 2004, 2131.

(29)

Lin, Y.; Daga, V. K.; Anderson, E. R.; Gido, S. P.; Watkins, J. J. J. Am. Chem.

Soc. 2011, 133, 6513.
(30)

Daga, V. K.; Anderson, E. R.; Gido, S. P.; Watkins, J. J. Macromolecules

2011, 44, 6793.
(31)

Daga, V. K.; Watkins, J. J. Macromolecules 2010, 43, 9990.

(32)

Schumers, J.-M.; Fustin, C.-A.; Gohy, J.-F. Macromol. Rapid Commun.

2010, 31, 1588.
(33)

Segalman, R. A. Materials Science and Engineering: R: Reports 2005, 48,

(34)

Hawker, C. J.; Russell, T. P. MRS Bull. 2005, 30, 952.

(35)

Seki, T.; Nagano, S.; Hara, M. Polymer 2013, 54, 6053.

(36)

Seki, T. Macromol. Rapid Commun. 2014, 35, 271.

(37)

Yu, H.; Iyoda, T.; Ikeda, T. J. Am. Chem. Soc. 2006, 128, 11010.

(38)

Morikawa, Y.; Kondo, T.; Nagano, S.; Seki, T. Chem. Mater. 2007, 19,

191.

1540.

128

(39)

Daga, V. K.; Schwartz, E. L.; Chandler, C. M.; Lee, J.-K.; Lin, Y.; Ober, C. K.;

Watkins, J. J. Nano Letters 2011, 11, 1153.
(40)

Yao, L.; Watkins, J. J. ACS Nano 2013, 7, 1513.

(41)

Daga, V. K. L., Ying; Watkins, James J.; Okoroanyanwu, Uzodinma; Petrillo,

Karen; Ashworth, Dominic; Peng, Hua-Gen; Soles, Christopher L. Extreme Ultraviolet
(EUV) Lithography II, Proceedings of SPIE 2011, 7969, 796907.
(42)

Young-Gil, K.; Kim, J. B.; Fujigaya, T.; Shibasaki, Y.; Ueda, M. J. Mater.

Chem. 2002, 12, 53.

129

BIBLIOGRAPHY
(1)

Burda, C.; Chen, X.; Narayanan, R.; El-Sayed, M. A. Chem. Rev. 2005, 105,

(2)

Qi, W. H.; Wang, M. P. Materials Chemistry and Physics 2004, 88, 280.

(3)

Kelly, K. L.; Coronado, E.; Zhao, L. L.; Schatz, G. C. J. Phys. Chem. B 2003,

1025.

107, 668.
(4)

Lucía, B. S.; Jorge, O. T. Nanotechnology 2006, 17, 1309.

(5)

Park, T.-J.; Papaefthymiou, G. C.; Viescas, A. J.; Moodenbaugh, A. R.;

Wong, S. S. Nano Lett. 2007, 7, 766.
(6)

Kim, J.-Y.; Greer, J. R. Appl. Phys. Lett. 2008, 93, 101916.

(7)

Beck, M.; Yuan, Y.; Warrier, P.; Teja, A. J. Nanopart. Res. 2009, 11, 1129.

(8)

Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. J. Chem.

Soc., Chem. Commun. 1994, 801.
(9)

Sun, Y.; Xia, Y. Science 2002, 298, 2176.

(10)

Joo, J.; Kwon, S. G.; Yu, T.; Cho, M.; Lee, J.; Yoon, J.; Hyeon, T. J. Phys.

Chem. B 2005, 109, 15297.
(11)

Qu, L.; Peng, X. J. Am. Chem. Soc. 2002, 124, 2049.

(12)

Rao, K. S.; El-Hami, K.; Kodaki, T.; Matsushige, K.; Makino, K. J. Colloid

Interface Sci. 2005, 289, 125.
(13)

Thostenson, E. T.; Ren, Z.; Chou, T.-W. Compos. Sci. Technol. 2001, 61,

(14)

Wang, Y.; Hu, A. J. Mater. Chem. C 2014, 2, 6921.

1899.

130

(15)

Alexandre, M.; Dubois, P. Mater. Sci. Eng. R. Rep. 2000, 28, 1.

(16)

Balazs, A. C.; Emrick, T.; Russell, T. P. Science 2006, 314, 1107.

(17)

RamanathanT; Abdala, A. A.; StankovichS; Dikin, D. A.; Herrera Alonso,

M.; Piner, R. D.; Adamson, D. H.; Schniepp, H. C.; ChenX; Ruoff, R. S.; Nguyen, S. T.;
Aksay, I. A.; Prud'Homme, R. K.; Brinson, L. C. Nat Nano 2008, 3, 327.
(18)

Cranston, E. D.; Gray, D. G. Biomacromolecules 2006, 7, 2522.

(19)

Huang, Z.-M.; Zhang, Y. Z.; Kotaki, M.; Ramakrishna, S. Compos. Sci.

Technol. 2003, 63, 2223.
(20)

Abargues, R.; Marqués-Hueso, J.; Canet-Ferrer, J.; Pedrueza, E.; Valdés, J.

L.; Jiménez, E.; Martínez-Pastor, J. P. Nanotechnology 2008, 19, 355308.
(21)

Abu Hatab, N. A.; Oran, J. M.; Sepaniak, M. J. ACS Nano 2008, 2, 377.

(22)

Kang, Y. H.; Oh, S. S.; Kim, Y.-S.; Choi, C.-G. Microelectron. Eng. 2010, 87,

(23)

Beaulieu, M. R.; Hendricks, N. R.; Watkins, J. J. ACS Photonics 2014, 1,

(24)

Liu, J.-g.; Nakamura, Y.; Ogura, T.; Shibasaki, Y.; Ando, S.; Ueda, M. Chem.

125.

799.

Mater. 2008, 20, 273.
(25)

Bockstaller, M. R.; Mickiewicz, R. A.; Thomas, E. L. Adv. Mater. 2005, 17,

(26)

Inoue, K. Prog. Polym. Sci. 2000, 25, 453.

(27)

Gill, I. Chem. Mater. 2001, 13, 3404.

1331.

131

(28)

Sanchez, C.; Julian, B.; Belleville, P.; Popall, M. J. Mater. Chem. 2005, 15,

(29)

Kuo, S.-W.; Chang, F.-C. Prog. Polym. Sci. 2011, 36, 1649.

(30)

Laoutid, F.; Bonnaud, L.; Alexandre, M.; Lopez-Cuesta, J. M.; Dubois, P.

3559.

Mater. Sci. Eng. R. Rep. 2009, 63, 100.
(31)

Althues, H.; Henle, J.; Kaskel, S. Chem. Soc. Rev. 2007, 36, 1454.

(32)

Park, J. T.; Chi, W. S.; Kim, S. J.; Lee, D.; Kim, J. H. Sci. Rep. 2014, 4.

(33)

Colodrero, S.; Mihi, A.; Häggman, L.; Ocaña, M.; Boschloo, G.; Hagfeldt,

A.; Míguez, H. Adv. Mater. 2009, 21, 764.
(34)

Brezesinski, T.; Wang, J.; Polleux, J.; Dunn, B.; Tolbert, S. H. J. Am. Chem.

Soc. 2009, 131, 1802.
(35)

Chattopadhyay, S.; Huang, Y. F.; Jen, Y. J.; Ganguly, A.; Chen, K. H.; Chen,

L. C. Mater. Sci. Eng. R. Rep. 2010, 69, 1.
(36)
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